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ABSTRACT
R e s e r v o i r  d e p o s i t i o n  e x p e r i m e n t s  h a v e  been  c a r r i e d  o u t  
u n d e r  v a r i o u s  c o m b i n a t i o n s  o f  f l o w ,  s a n d  d i s c h a r g e  r a t e s ,  g r a i n  
s i z e s  and  r e s e r v o i r  d e p t h s .
A s t u d y  h a s  be e n  made t o  c om pa re  t h e  r e s u l t s  o b t a i n e d  f rom 
t h e  e x p e r i m e n t s  w i t h  t h e  w e l l  known bed l o a d  f o r m u l a e  o f  DuBoys, 
S h i e l d s ,  E i n s t e i n  and K a l i n s k e .
F i n a l l y  a  c o m p a r i s o n  o f  t h e  d a t a  o b t a i n e d  was  made w i t h  
t h e  s t r e a m  g e o m e t ry  e q u a t i o n s  o f  L a c e y ,  L e o p o ld  and Maddock.
i i i
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CHAPTER 1
INTRODUCTION
1 .1  D e s c r i p t i o n  and O b j e c t  o f  t h e  I n v e s t i g a t i o n .
A g r e a t  d e a l  o f  c o n c e r n  l a t e l y  h a s  a r i s e n  a b o u t  t h e  l o s s  
o f  s t o r a g e  and f l o o d  c o n t r o l  c a p a c i t y  o f  many o f  t h e  n a t i o n ' s  
r e s e r v o i r s  due t o  t h e  b u i l d  up  o f  s e d i m e n t  d e p o s i t s .
Many q u e s t i o n s  must  be a n s w e r e d ;  some o f  t h e s e  a r e :
1) How l o n g  w i l l  i t  be  u n t i l  t h e  c a p a c i t y  o f  a r e s e r v o i r  
w i l l  be  s o  r e d u c e d  t h a t  i t  w i l l  n o t  s e r v e  i t s  o r i g i n a l  d e s i g n  
f u n c t i o n s ?
2) Where w i l l  t h e  d e p o s i t s  s e t t l e  o u t  t o  e n a b l e  t h e  
p r o p e r  l o c a t i o n  o f  t h e  o u t l e t s  ( s p i l l w a y s ,  i n t a k e s , b y p a s s e s , e t c . ) ?
3) What i s  t h e  m e c h a n ic s  g o v e r n i n g  t h e  mode o f  a d v a n c e  o f  
t h e  s e d i m e n t  beds?
4)  How c o u l d  r e s e r v o i r  o p e r a t i o n s  be c a r r i e d  o u t  t o  
m i n i m i z e  s i l t a t i o n ?
S i n c e  t h e  f l o w  i n t o  e x i s t i n g  r e s e r v o i r s  h a s  v a r y i n g  
d i s c h a r g e s  and s e d i m e n t  l o a d s  t h r o u g h o u t  t h e  y e a r  i t  h a s  b e e n  v e r y  
d i f f i c u l t  t o  e s t i m a t e  t h e  e f f e c t  o f  e a c h  v a r i a b l e  on t h e  f i n a l  
p o s i t i o n  o f  t h e  d e p o s i t s  by u s i n g  f i e l d  d a t a .
The p r e s e n t  s t u d y  was n o t  u n d e r t a k e n  t o  a n s w e r  t h e  a bove  
q u e s t i o n s  b u t  r a t h e r  t o  t a k e  one  p a r t i c u l a r  s h a p e  o f  r e s e r v o i r  and 
examine  t h e  f a c t o r s  c o n t r o l l i n g  t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  t h e  
f lo w  i n  t h i s  b a s i n  t o  e n a b l e  u s  t o  d e s i g n  f u t u r e  e x p e r i m e n t s  t h a t  
w i l l  a n s w e r  t h e s e  p r o b l e m s .  I n  a t t e m p t i n g  t h i s ,  v a r i o u s  f l o w  r a t e s ,  
s and  d i s c h a r g e  r a t e s ,  r e s e r v o i r  d e p t h s  and  g r a i n  s i z e s  w e r e  u s e d
1
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and  t h e  e x p e r i m e n t a l  r e s u l t s  w e r e  com pared  w i t h  t h e  c l a s s i c a l  
m o b i l e  bed h y d r a u l i c  e q u a t i o n s .
2
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CHAPTER 2 
THEORETICAL BACKGROUND
2 . 1  Bed l o a d  f o r m u l a s
Many f o r m u l a e  have  been  p r o p o s e d  by v a r i o u s  r e s e a r c h e r s  
t o  e x p l a i n  t h e  t r a n s p o r t  o f  bed m a t e r i a l  i n  c h a n n e l s  u n d e r  u n i f o r m  
f lo w  c o n d i t i o n s .  In  t h e  p r e s e n t  s t u d y ,  even  tho u g h  t h e  o v e r a l l  
f l o w  c o n d i t i o n s  i n  t h e  model a r e  n o n - u n i f o r m  due  t o  t h e  sa n d  b e i n g  
d e p o s i t e d  i n  t h e  r e s e r v o i r ,  t h e  w a t e r  and s a n d  f l o w  does  become 
c o n s t a n t  i n  t h e  u p p e r  r e a c h e s  o f  t h e  r e s e r v o i r .  A c o m p a r i s o n  o f  t h e  
f o l l o w i n g  f o r m u l a e ,  w i t h  t h e  c o n d i t i o n s  i n  t h i s  r e g i o n , h a s  b e e n  made.
a )  Du B oys '  f o r m u l a
The  c l a s s i c  a n a l y s i s  o f  bed l o a d  was f i r s t  p u b l i s h e d  
by Du Boys i n  1879.  The a n a y l s i s  a s su m e s  t h a t  t h e  bed moves i n  a 
s o r t  o f  l a m i n a r  f l o w ,  w i t h  l a y e r s  s l i d i n g  o v e r  e a c h  o t h e r ,  t h e  
v e l o c i t y  d e c r e a s i n g  l i n e a r l y  w i t h  d e p t h .
T h i s  l e a d s  t o  t h e  e q u a t i o n :
<ls = T 0 ^ T 0 -  T c J  ( 2 . 1 )
w h e r e  q s  i s  t h e  s e d i m e n t  d i s c h a r g e  p e r  u n i t  w i d t h ( b y  volume)  
Cg i s  t h e  Du Boys '  c o e f f i c i e n t  
T 0 i s  t h e  s h e a r  s t r e s s  a t  t h e  bed 
T c i s  t h e  maximum a l l o w a b l e  t r a c t i v e  f o r c e  i n  t h e  
bed  m a t e r i a l
S t r a u b  (8 )  found  t h a t  t h e  c o e f f i c i e n t  Cs was n o t  c o n s t a n t  
b u t  f o l l o w e d  t h e  r e l a t i o n :
C r  .173  ( 2 . 2 )
3 / 4
d
w h e r e  d i s  t h e  g r a i n  s i z e  i n  m i l l i m e t e r s
3
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Du Boys '  f o r m u l a  was b a s e d  on e m p i r i c a l  v a l u e s  o f  T c t h a t  
d i f f e r  somewhat  f rom S h i e l d s  and a r e  p l o t t e d  a l o n g  w i t h  S h i e l d s '  
v a l u e s  i n  f i g u r e  1.
b) S h i e l d s '  f o r m u la
S h i e l d s  ( 8 , 1 3 )  b a s e d  h i s  f o r m u la  on t h e  N i k u r a d s e  
v e l o c i t y  d i s t r i b u t i o n  e q u a t i o n s  and a  q u a l i t a t i v e  a n a l y s i s  o f  t h e  
d r a g  f o r c e s  e x e r t e d  on t h e  i n d i v i d u a l  sand  g r a i n s  a t  t h e  bed .  The 
e q u a t i o n  i s  d i m e n s i o n a l l y  hom ogeneous ,  so t h a t  any  c o n s i s t e n t  s y s t e m  
o f  u n i t s  c a n  be  u s e d  and h a s  been  s u c c e s s f u l  i n  c o r r e l a t i n g  numerous  
l a b o r a t o r y  s e d im e n t  s t u d i e s ,  a l t h o u g h  i t  h a s  an a p p r e c i a b l e  s c a t t e r .
I t  may be w r i t t e n  a s  f o l l o w s ;
qs Ss -  10 (~ T o  - T c   (? 3 i
q S [ t ( S s - 1) d j
w h e r e  Ss i s  t h e  s o l i d ; f l u i d  d e n s i t y  r a t i o
q i s  t h e  d i s c h a r g e  p e r  u n i t  w i d t h
S i s  t h e  bed  s l o p e
T i s  t h e  s p e c i f i c  w e i g h t  o f  w a t e r
d i s  t h e  g r a i n  s i z e
c )  E i n s t e i n ' s  f o r m u l a
One o f  t h e  b e s t  known f o r m u l a s  i s  t h a t  o f  E i n s t e i n  ( 2 , 6 , 8 , 1 3 )  
w h i c h  i s  b a s e d  on p h y s i c a l  r e a s o n i n g  a s  w e l l  a s  d i m e n s i o n a l  and 
s t a t i s t i c a l  c o n s i d e r a t i o n s .
H i s  b a s i c  o b s e r v a t i o n  was t h a t  a g r a i n  on b e i n g  d i s l o d g e d  
from  t h e  b e d ,  t r a v e l l e d  a  d i s t a n c e  L b e f o r e  coming to  r e s t  a g a i n ,  
and  t h a t  L = X d
where  L i s  t h e  p a r t i c l e  t r a v e l  d i s t a n c e  
X i s  a c o e f f i c i e n t
4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I f  p s i s  t h e  p r o b a b i l i t y  t h a t  any g r a i n  w i l l  b e  d i s l o d g e d  w i t h i n  a  
g i v e n  s e c o n d ,  and d^ i s  t h e  bed a r e a  o c c u p i e d  by e a c h  g r a i n ,  t h e n
t h e  number o f  g r a i n s  d i s l o d g e d  e v e r y  s e c o n d  w i l l  be  e q u a l  t o :
L Ps 
Al  d1
Hence i f  A2 d^  i s  t h e  volume o f  e a c h  g r a i n ,  t h e n  t h e  t o t a l  vo lume o f
g r a i n s  c r o s s i n g  a  s e c t i o n  e v e r y  s e c o n d  i s  e q u a l  t o :
,3 . . /
( 2 - 4 )^ s  = L Ps * A2 d _ ^ 2  X d P«i p Ai
Ax d 1
w h e re  A^ and  a r e  p a r t i c l e  s h a p e  f a c t o r s
To e v a l u a t e  ps E i n s t e i n  p o s t u l a t e d  t h a t  i t  wouLd be a 
f u n c t i o n  o f  t h e  r a t i o  be tw een  t h e  L i f t  f o r c e  w h i c h  t h e  f l o w  can  
e x e r t  on t h e  g r a i n  and t h e  submerged  w e i g h t  o f  t h e  g r a i n  i t s e l f  o r :
T 0
a2 t  ( Ss -1  ) d
w h ic h  i s  p o r p o r t i o n a L  to  t h e  S h i e L d s  e n t r a i n m e n t  f u n c t i o n  F s -
S i n c e  Fs i s  d i m e n s i o n L e s s  and p h a s  d i m e n s i o n  o f  1 / t  i t  
f o l l o w s  t h a t ;
Ps  = It
E i n s t e i n  p o s t u l a t e d  t h a t  a  s u i t a o l e  t im e  i n t e r v a l  w o u ld  be  t h e  t im e  
f o r  a g r a i n  t o  f a l l  i t s  own d i a m e t e r  a t  i t s  f a l l  v e l o c i t y .  Thus :
p d -  / ( F c )
P s -  '  ^  s ;  ( 2 . 5 )
S u b s t i t u t i n g  t h e  a bove  i n  e q u a t i o n  2 . 4 ,  i n c o r p o r a t i n g  t h e  c o n s t a n t s
A^,A2 , and  X i n  t h e  ,f u n c t i o n a l  s i g n ,  he  o b t a i n e d :
_ ^ s _  _ F s ) 
w d
o r (i)<i> = ( 2 - 7 )
5
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w h e r e  v ,  t h e  p a r t i c l e  f a l l  v e l o c i t y ,  i s  g i v e n  by
w :  G d ( Ss - 1> ( 2 . 8 )
and G r M Z  36 I 36 v 1
g d^ ( s . - 1,  -  V g d J ' d T T )  ( )
sf> i s  t h e  E i n s t e i n  bed l o a d  f u n c t i o n
*  i s  t h e  r e c i p r o c a l  o f  S h i e l d s 1 e n t r a i n m e n t  f u n c t i o n  
g i s  t h e  a c c e l e r a t i o n  due  t o  g r a v i t y  
y i s  t h e  k i n e m a t i c  v i s c o s i t y  
The e m p i r i c a l  <f>- l / ' J '  r e l a t i o n  i s  p l o t t e d  i n  f i g u r e  2 i n  a
f o rm  due t o  Brown ( 2 ) ,  who a l s o  d e d u c e d  t h e  e q u a t i o n  g i v e n  f o r  t h e
u p p e r  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  c u r v e  w h i c h  i s :
d) K a l i n s k e ' s  f o r m u l a
K a l i n s k e  ( 2 , 8 )  s u g g e s t e d  a  bed l o a d  f o r m u la
b a s e d  on t h e  a n a l y s i s  o f  t u r b u l e n t  f l u c t u a t i o n s  i n  v e l o c i t y  a t  t h e
b e d .  He s t a t e d  t h a t  t h e  vo lume r a t e  o f  s e d i m e n t  movement  p e r  u n i t
w i d t h  must  be e q u a l  t o  t h e  p r o d u c t  o f  t h e  p a r t i c l e  v e l o c i t y  v s , t h e
3
p a r t i c l e  vo lume v d and t h e  a v e r a g e  number  o f  p a r t i c l e s  m ov ing p e r  
6
u n i t  bed a r e a .
Thus  q s  = r d ^  v s p = 2 v s  p d ( 2 . 1 0 )
6 —d / 4  3
w h e r e  p i s  t h e  c o v e r a g e  f a c t o r
The  q u a n t i t i e s  v s  and p r e m a i n  t o  b e  e v a l u a t e d .  The
p a r t i c l e  v e l o c i t y  v i s  p o r p o r t i o n a l  t o  t h e  s h e a r  v e l o c i t y  <frY /  Ps yf o
and  t h e  c o v e r a g e  f a c t o r  p i s  a f u n c t i o n  o f  T ^ , / T c j w h i c h  i s  d i r e c t l y  
p o r p o r t i o n a l  t o  t h e  e n t r a i n m e n t  f u n c t i o n  I / ' ! '  w i t h  t h e  r e s u l t  t h a t
6
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^To I P  d
<ls ( 2 . 1 1 )
w here  P i s  t h e  f l u i d  d e n s i t y
T h i s  f u n c t i o n  i s  p l o t t e d  i n  f i g u r e  3 i n  a  fo rm  p r o d u c e d  
by Brown (2 )  who a l s o  showed t h a t  t h e  u p p e r  p o r t i o n  f o l l o w e d  t h e  
r e l a t i o n :
2 . 2  C h o i c e  o f  Bed Load Fo rm u la
I t  i s  o f t e n  v e r y  d i f f i c u l t  t o  make a  c h o i c e  among
t h e  bed l o a d  f o r m u la e  d e v e l o p e d  by DuBoys, S h i e l d s ,  E i n s t e i n  and 
K a l i n s k e ,  f o r  t h e  d a t a  u s e d  i n  d e v e l o p i n g  t h e s e  e q u a t i o n s  had 
a b o u t  one  l o g  c y c l e  o f  s c a t t e r .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  
DuBoys '  e q u a t i o n  i s  t h e  l e a s t  s a t i s f a c t o r y  w h i l e  t h e  r e m a i n i n g  
e q u a t i o n s  g i v e  e q u a l l y  a c c e p t a b l e  r e s u l t s .  The e q u a t i o n s  as  
d e v e l o p e d  a r e  i n  a c h r o n o l o g i c a l  o r d e r  and e a c h  s u c c e e d i n g  
r e s e a r c h e r  u t i l i z e d  most  o f  t h e  p r e v i o u s  e x p e r i m e n t a l  d a t a  i n  
t r y i n g  t o  d e v e l o p  a more g e n e r a l  f o r m u l a .  E i n s t e i n ' s  and  K a l i n s k e * s  
e x p e r i m e n t s  w ere  g e n e r a l l y  i n  t h e  d u n e - t y p e  b e d fo r m  r a n g e  o f  f l o w .  
T h e s e  e q u a t i o n s  a r e  o n l y  m ean t  t o  be  u s e d  f o r  c h a n n e l s  w i t h  
g r a n u l a r ,  n o n - c o h e s i v e  bed m a t e r i a l s .
2 . 3  Liu-Hwang E q u a t i o n s
f o r m u l a  t o  d e t e r m i n e  more a c c u r a t e l y  t h e  mean v e l o c i t y  o f  f lo w  
i n  a l l u v i a l  c h a n n e l s .  They assumed  t h a t  i n  g e n e r a l  an  e x p o n e n t i a l  
t y p e  o f  d i s c h a r g e  f o r m u l a  w ould  a p p l y  and c o u l d  be  w r i t t e n  a s :
( 2 . 12)
L i u  and Hwang d i d  a s t u d y  t o  f i n d  a s u i t a b l e
V = Ca Rx S>T ( 2 . 1 3 )
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w h e r e  Ca i s  an e m p i r i c a l  c o e f f i c i e n t
x and y a r e  p u r e  numbers
F o u r  f i g u r e s  w e re  d e v e l o p e d  t o  e v a l u a t e  t h e  a bove
c o n s t a n t s .  U s in g  f i g u r e  4 ,  t h e  bed fo rm  i s  e v a l u a t e d ,  and t h e n
f ro m  f i g u r e  5 t h e  power o f  t h e  h y d r a u l i c  r a d i u s  i s  e s t i m a t e d .  F i g u r e  6
shows t h e  power o f  t h e  s l o p e ,  w h i l e  f i g u r e  7 e s t i m a t e s  t h e  d i s c h a r g e
c o e f f i c i e n t .
2 . 4  L a c e y ' s  E q u a t i o n s
Lacey  (10)  u s i n g  t h e  p r i n c i p l e s  o f  c l a s s i c a l  p h y s i c s
a p p r o c h e d  t h e  p ro b le m s  o f  m o b i l e - b o u n d a r y  h y d r a u l i c s  by an a n a y l s i s
o f  m e a s u r a b l e  d a t a  d e r i v e d  f rom  c a n a l  s y s t e m s  i n  I n d i a .
L a c e y  f i r s t  examined  t h e  p r o p o s i t i o n
P z  f u n c t i o n  V 
R
o b t a i n i n g  t h e  e x p r e s s i o n
P = 2 . 6 7  Q1 ^2 ( 2 . 1 4 )
w h e r e  P i s  t h e  w e t t e d  p e r i m e t e r  o f  t h e  f lo w  c r o s s - s e c t i o n  
R i s  t h e  h y d r a u l i c  mean r a d i u s  
V i s  t h e  mean v e l o c i t y  
Q i s  t h e  v o l u m e t r i c  r a t e  o f  d i s c h a r g e  
L a c e y  a l s o  p u t  f o r w a r d  " a  v e r y  r o u g h  q u a l i t a t i v e  f o r m u l a  " 
f o r  t h e  s i l t  f a c t o r  f  a s  fo l l o w s ' :
1 /2
f  :  8 d '  ( 2 . 1 5 )
w h e r e  d i s  t h e  g r a i n  s i z e  i n  i n c h e s  
He u t i l i z e d  t h i s  e q u a t i o n  i n  d e r i v i n g  t h e  f o l l o w i n g  
f o r m u l a e  f o r  s l o p e  and a r e a :
S = .000547  f 5 / 3  Q"1 / 6  ( 2 . 1 6 )
8
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( 2 . 1 ? )
From w h ic h  i t  i s  p o s s i b l e  t o  d e r i v e  e q u a t i o n s  f o r  t h e  
f l o w  d e p t h  and v e l o c i t y .
w h e r e  A i s  t h e  f l o w  a r e a
D i s  t h e  mean d e p t h  o f  f l o w
2 . 5  S t r e a m  Geom etry  E q u a t i o n s
L e o p o l d  and Maddock ( 1 2 )  u s i n g  t h e  d a t a  on s t r e a m f l o w  
a v a i l a b l e  i n  t h e  W a te r  S u p p l y  P a p e r s  o f  t h e  U.S .  G e o l o g i c a l  S u r v e y ,  
d e v e l o p e d  a  s e r i e s  o f  e q u a t i o n s  r e l a t i n g  w i d t h ,  d e p t h  and v e l o c i t y  
t o  t h e  d i s c h a r g e .
s h a p e  a t  c e r t a i n  r i v e r  c r o s s - s e c t i o n s  At  a  g i v e n  c r o s s - s e c t i o n  
t h e  w i d t h ,  d e p t h  and v e l o c i t y  a l l  c h a n g e  w i t h  t h e  amount  o f  w a t e r  
f l o w i n g  i n  t h e  c r o s s - s e c t i o n .
s e c t i o n s  moving  d o w n s t r e a m  a l o n g  t h e  l e n g t h  o f  a  p a r t i c u l a r  r i v e r  
s y s t e m .
p l o t t e d  a g a i n s t  d i s c h a r g e  on l o g a r i t h m i c  p a p e r ,  t h e i r  r e l a t i o n s  t o  
d i s c h a r g e  a r e  e x p r e s s e d  by n e a r l y  s t r a i g h t  l i n e s ,  i r r e s p e c t i v e  a s  t o  
w h e t h e r  t h e  d a t a  was f o r  one  c r o s s - s e c t i o n  o r  a  d o w n s t r e a m  s e r i e s .
Thus t h e  r e l a t i o n  o f  d i s c h a r g e  t o  o t h e r  h y d r a u l i c  f a c t o r s  
i n  n a t u r a l  r i v e r s  c a n  be  d e s c r i b e d  by
( 2 . 1 9 )
(2 . 18)
F i r s t  t h e y  e xam ined  t h e  c h a r a c t e r i s t i c s  o f  t h e  c h a n n e l
N ex t  t h e y  examined  t h e s e  same c h a r a c t e r i s t i c s  i n  s u c c e e d i n g
They fou n d  t h a t  i f  t h e  w i d t h , d e p t h  and  v e l o c i t y  a r e
b ( 2 . 20)W = a Q
D = c Qe ( 2 . 2 1 )
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V = k  QJ ( 2 . 2 2 )
w h e re  W i s  t h e  c h a n n e l  bed w i d t h
a , c , k , b , e , a n d  j  a r e  c o n s t a n t s  
S i n c e  Q = a r e a  *  v e l o c i t y
= W D V  = a Q b* c Q e * k Q J
= a c  k  Q b+64j  ( 2 . 2 3 )
I t  t h e r e f o r e  f o l l o w s  t h a t
b + e - r j  = 1 . 0  ( 2 . 2 4 )
a c k  = 1 . 0  ( 2 . 2 5 )
The a v e r a g e  v a l u e s  o f  t h e  e x p o n e n t s  b , e , a n d  j  w e r e  computed
f o r  20 r i v e r  c r o s s - s e c t i o n s , b y  L e o p o l d  and Maddock,  r e p r e s e n t i n g  a 
l a r g e  v a r i e t y  o f  r i v e r s  i n  t h e  G r e a t  P l a i n s  and  S o u t h w e s t  and t h e y
w e r e  fo u n d  t o  b e :  b = 0 . 2 6
e = 0 . 4 0  
j  = 0 . 3 4
I n  t h e  s e c o n d  s t u d y  t h e  a v e r a g e  v a l u e  f o r  t h e s e  e x p o n e n t s
w e r e  c a l c u l a t e d  u s i n g  d a t a  f rom  8 r i v e r  s y s t e m s  and  w e r e  found t o  be
b = 0 . 5 0  
e  = 0 . 4 0  
j  = 0 . 1 0
S i n c e  t h e  w i d t h  and d e p t h  f o r  a  g i v e n  d i s c h a r g e  v a r y  
w i d e l y  from one  c r o s s - s e c t i o n  t o  a n o t h e r  t h e  v a l u e s  o f  a , c  and k 
w i l l  a l s o  v a r y ,  and  so f a r  t h e  f a c t o r s  g o v e r n i n g  t h e s e  v a r i a t i o n s  
a r e  y e t  t o  b e  d e t e r m i n e d .
2 . 6  E i n s t e i n  and B a r b a r o s s a  E q u a t i o n
E i n s t e i n  and B a r b a r o s s a  assum ed  t h a t  t h e  h y d r a u l i c  r a d i u s  
c o n s i s t e d  o f  two p a r t s ;  t h e  h y d r a u l i c  r a d i u s  R 1 due  t o  s u r f a c e
10
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r o u g h n e s s  and t h e  h y d r a u l i c  r a d i u s  R-R'  due  t o  fo rm  r o u g h n e s s .
Do land  and Chow h a v e  t a k e n  t h i s  i d e a  and h a v e  shown t h a t  
t h e  f u n c t i o n
and  h a v e  d e v e l o p e d  f i g u r e  8 t o  e v a l u a t e  ( R ' / R ) .  Thus M a n n in g ' s  N 
can  b e  w r i t t e n  as
2 . 7  Simons and R i c h a r d s o n  E q u a t i o n s
Simons and R i c h a r d s o n  d e v e l o p e d  a  number o f  e q u a t i o n s  
f rom w h ic h  C h e z y ' s  C can be  d e r i v e d  o n c e  t h e  bed fo rm  i s  d e t e r m i n e d  
They  a l s o  d e v e l o p e d  f i g u r e  9 t o  c l a s s i f y  t h e  bed fo rm.  F o r  dune  bed 
t h e  e q u a t i o n  i s  o f  t h e  form
11
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CHAPTER 3 
DEVELOPMENT OF FORMULAE
3 . 1  Manning - S t r i c k l e r  e q u a t i o n s
I n  t h e  p r e v i o u s  c h a p t e r  t h e  v a r i o u s  e q u a t i o n s  g o v e r n i n g  t h e  
t r a n s p o r t  o f  bed m a t e r i a l  w e re  d i s c u s s e d .  T h e s e  e q u a t i o n s  a l o n g  
w i t h  M a n n i n g ' s  e q u a t i o n  were  u s e d  t o  d e s c r i b e  t h e  f lo w  o f  t h e  w a t e r - 
sed im emt  m i x t u r e .
M a n n in g ' s  e q u a t i o n  can  be  w r i t t e n  a s  
q = 1 .486  A R2 / 3  S1 /2
N B
- 1 .486  B D D2 ^3 S l / 2  
N B
w h e re  t h e  a p p r o x i m a t i o n  
D = R i s  u s e d
q = 1 .486  D 5 ^  S 111 
N
( 3 . 1 )
^  S r  S2 N2
2 . 2 1  D1 0 / 3
( 3 . 2 )
S u b s t i t u t i n g  S t r i c k l e r ' s  e m p i r i c a l r e l a t i o n
N r  0 .0 3 4 2  d 1 /6 ( 3 . 3 )
w here  d i s  t h e  g r a i n  s i z e  i n  f e e t
q - 4 3 . 4  D5 / 3  S1/2  
1 / 6
a
( 3 . 4 )
2 • 1 /3  S -  0 . 0 0 0 5 3  q d ( 3 . 5 )
w h e re  N i s  M a n n i n g ' s  r e s i s t a n c e  c o e f f i c i e n t  
B i s  t h e  c h a n n e l  w i d t h  
d i s  t h e  g r a i n  s i z e  i n  f e e t
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 , 2  Du B o y s - M a n n i n g - S t r i c k l e r - T r a c t i v e  F o r c e  E q u a t i o n s
q s :  c s T 0 ( T o '  T c  ) r  0 . 1 7 3  T  D S ( T D S - T c  )
3 / 4
d mm
S u b s t i t u t i n g  M a n n i n g ' s  S f rom  e q u a t i o n  ( 3 . 4 )
2 1 / 3
q r  0 . 1 7 3  T  D /  0 . 0 0 0 5 3  q d f t  
S 3 / 4  I 1 0 / 3
mm
T D  /  . 0 0 0 5 3  q
D
10/3
D i v i d i n g  by M a n n i n g ' s  q2 f ro m  e q u a t i o n  ( 3 . ^ )
q s -  0 .  173 T D S ( T D S  -  T c ) 
" T  3 / 4  
q d
1 /6
d f t
mm 4 3 . 4  D
5 / 3  I / *
S u b s t i t u t i n g  d = 0 . 6 0  mm and  Tc 1 0 . 0 0 0 4  f rom  f i g u r e
4 2.4 2 4  * 10 J  _q____  -  . 2 5 9  * 10 £
4 . 6 7 2 . 3 3
D
(
q 5 = 0 .0 6 4 8  S -  0 . 2 5 9  * 10
2 . 3 3
- 4
D
(
o r  S r /  q 259 *  10~4 \  D1 ' 33
, 2 . 3 3q D“ ‘ /  .0 6 4 8
S u b s t i t u t i n g  d :  0 . 2 0  ram and  T  - 0 . 0 0 0 3
(3
q g = .465  * 1 0 " 5   _  . 6 3 8  * 10" 5 q2
4 . 6 7
D
2 . 3 3
D
(3
+ . 3 0 7  *  10"4  \  D
1 .3 3
2 . 33
D . 102
(3
13
( 3 . 6 )
( 3 . 8 )
1
3 . 9 )
. 10)
• 11 )
. 12)
. 1 3 )
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3 . 3  S h i e l d s - M a n n i n g  - S t r i c k l e r -  T r a c t i v e  F o r c e  E q u a t i o n s
q s Ss = 10(  T o  - T c \  ( 3 . 1 4 )
q S \ T ( S s - 1)
q s = 10 S ( T D S - T c ) ( 3 . 1 5 )
Ss T ( S s - 1) df t
S u b s t i t u t i n g  M a n n i n g ' s  S from e q u a t i o n  ( 3 . 4 )
2 l / 3 \  /  2 1 / 3
qs = 10 q  (  . 0 0 0 5 3  q d f t  \  /  T D .0 0 0 5 3  q d f t  _  T c  \  <3- 1(
c T  r c  n  j  \  n 1 0 / 3  /  V n 1 0 / 3Ss T <Ss - l )  d f t  \  D J \  D
2
D i v i d i n g  by  M a n n i n g ' s  q f rom e q u a t i o n  ( 3 . 3 )
/  3/ 6q . ;  I Q S  ( T P S  - T c ) d f t  \  ( 3 . 1 7 )
q 3 Ss T (Ss  -  1) d f t  \ 4 3 . 4  D573 S1 /2
S u b s t i t u t i n g  d = .6 0  mm and T c = .0001  from f i g u r e  1
’5 £ _____ _  . 76 * 10" 5 £_3
5 67
D D'
q s = . 5  *  10   _  -      ( 3 . 1 8 )
5 - 67 _ 3 . 33
q .  r  .0 7 6  S .7 6  *  1Q~5 ( 3 . 1 9 )
3 .3 3
D
o r  s  :  /  q s ^  .7 6  * 10~5 \  D2 ' 33 ( 3 . 2 0 )
3 -3 3  I 
D j  .0 7 6
S u b s t i t u t i n g  d = . 2 0  mm and T c ;  . 0 0 0 0 6
q s = .7 2  * 10 ' 5 ___  _  .9 5  *  10“ 5 q^  ( 3 . 2 1 )
5 . 6 7  3 . 3 3
D D
+ . 9 5  * 10“ 5 \ d 2 ' 33 ( 3 . 2 2 )
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3 . 4  E i n s t e i n - M a n n i n g - S t r i c k l e r - T r a c t i v e  F o r c e  E q u a t i o n s
qs  = qs  :  40 (  T q \ 3 ;  40 D3 S3
i j 3
w d Gy]g d (S s  - 1) d y x  ( S s -  1) d J  ( S s - 1) d
S u b s t i t u t i n g  M a n n i n g ' s  S f rom e q u a t i o n  ( 3 . 4 )
, 2 ,i / ,  \  3} <
jn
( S s -  1) d \  D
q s  = G d ( S s - 1) d 40 D / . 0 0 0 5 3 q d 1^
^ 1 0 / 3
-8  6 
:  0 .9 2 9  * 10 G q
r"v7d D
D i v i d i n g  by M a n n in g ' s  q f rom e q u a t i o n  ( 3 . 3 )
q r  G d ( S s -  1) d 40 D3 S3 f  d 1/6
3 T T \ " “  ~ 5 / 3 — 1/ 2"(S - 1 )  d \ 4 3 . 4  D S
0 . 4  , v 0 . 4  v 0 . 5 3 3  
o r  S - 0 . 8 5 4  f I ] [  \  ( d
3 . 5  K a l i n s k e - M a n n i n g - S t r i c k l e r - T r a c t i v e  F o r c e  E q u a t i o n s  
« s  = 10 I  To
\ f l j p  d \ T  ( S s - 1) d
qs :  10   = 10 T 1/2  P5/2  S5/2
^  T 2 ( S s - l ) 2 d V 7  ( S s - l ) 2 d 
S u b s t i t u t i n g  M a n n i n g ' s  S f rom  e q u a t i o n  3 . 4
q s  r  10 Y 1 /2  P 5 / 2 __________ / . 0 0 0 5 3  q2 d 1 /3> ^ 5 /2
( 1 . 9 5 ) 1 /2  ( S s - I ) 2 d 1 D1 0 /3
13 * 10' 6 q 5
d° - 167 D5 - 83
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( 3 . 2 3 )
( 3 . 2 4 )
( 3 . 2 5 )
( 3 . 2 6 )
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( 3 . 2 9 )
( 3 . 3 0 )
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D i v i d i n g  by M a n n i n g ' s  q f ro m  e q u a t i o n  ( 3 . 3 )
:  10 T 2 p 5 / 2  s 572 I  d 176 \  ( 3 . 3 2 )
q A F ( S s - l ) 2 d \ « . 4  D5/J Sl / 2 ,
4), „ ° - 5 /  \ 0 . 4 2o r  S -  1 . 4 5  f  q<T\ / d \  ( 3 . 3 3 )
3 . 6  Liu-Hwang E q u a t i o n s
In  s e c t i o n s  3 . 2  t o  3 . 5  v a r i o u s  e q u a t i o n s  w e r e  d e v e l o p e d  
u s i n g  t h e  M a n n i n g - S t r i c k l e r  e q u a t i o n s .  The se  e q u a t i o n s  w ere  o r i g i n a l l y  
d e d u c e d  f o r  u n i f o r m  f lo w  c o n d i t i o n s  w i t h  a p l a n e  b e d .  An a l t e r n a t i v e  
form o f  e q u a t i o n  may be  one  d e v e l o p e d  u s i n g  t h e  f a c t  t h a t  t h e r e  
was r e s i s t a n c e  due  t o  t h e  bed fo rm .  Thus  e q u a t i o n s  w e r e  d e v e l o p e d  
u s i n g  t h e  Liu-Hwang m ethod .  U s i n g  f i g u r e  4 i t  was found  t h a t  t h e  
e x p e r i m e n t s  a l l  l a y  i n  t h e  r a n g e  o f  dune  t o  t r a n s i t i o n a l ,  and know ing  
t h a t  t h e  e x p e r i m e n t s  gave  a  dune  t y p e  p r o f i l e ,  i t  was d e c i d e d  t o  
u s e  t h e  l i n e  r e p r e s e n t i n g  d u n e s  i n  i n t p r e t i n g  t h e  f i g u r e s .
I t  was found  t h a t
o r
V = 22 r .585  s •336 f o r d = .60 mm ( 3 . 3 4 )
V = n r .430  s - 305 f o r d = .20 mm ( 3 . 3 5 )
q - 22
r ! . 5 8 5  s •336 f o r d = .60 mm ( 3 . 3 6 )
q = 11
1 .4 3 0  .305  
R S f o r d = .2 0 mm ( 3 . 3 7 )
9 QS
o r  S :  .0001  q f o r  d = .60 mm ( 3 . 3 8 )
D4 - 72
S r  .000358  q 3 - 28 f o r  d = .2 0  mm ( 3 . 3 9 )
D4 *68
16
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3 . 7  D u B o y s - L i u - H w a n g - T r a c t i v e - F o r c e - E q u a t i o n s  
q s = - 176 T D S ( T D  S - Tc )
d 3/4mm
2 2
q s = 1005 D S .00645  D S f o r  d = .6 0  mm
2 9q = 2280 D S -  .0 1 1  D S f o r  d = .2 0  mm
s
S u b s t i t u t i n g  S f rom Liu-Hwang e q u a t i o n
q ; . 1 0 0 5  *  10 ' 4 q 5 , 9 6  .645  * 10~5 q2 ‘ 98 f o r  d = . 6 0  mmS   — ---------
„ 7 . 5 4  d 3 .7 2
q = .3 3 8 0  * 1 0 " 3 q ' 56 _  .4 2 4  * 10" q 3 - 28 f o r  d = . 2 0  mm
d7 . 3 6  d 3 . 6 8
D i v i d e  by S f rom  Liu-Hwang e q u a t i o n s  and  s o l v e  f o r  S
f o r  d - . 6 0  mm 
.1005
-5 \  2.68  
.550  * 10 \  D  f o r  d = . 20 mm
D3 - 68 I  1 . 1 4
3 .8  S h i e l d s - L i u - H w a n g - T r a c t i v e - F o r c e - E q u a t i o n s
q s S s = 10 /  T0 -  Tc 
q S i T ( S s -  1) d
q,, = 1162 D -  .0 0 1 8 6 2  S f o r  d =. 6 0  mm
q s r  3430  D S - . 0 0 3 3  S f o r  d= .20mm
-6  \  2 . 7 2
.489 * 10
2 . 9 8
3 . 2 8
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( 3 . 4 0 )
( 3 . 4 1 )
( 3 . 4 2 )
( 3 . 4 3 )
( 3 . 4 4 )
( 3 . 4 5 )
( 3 . 4 6 )
( 3 . 4 7 )
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( 3 . 4 9 )
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S u b s t i t u t i n g  S from th e  Liu-Hwang e q u a t io n s
q s -  1162 * 1 0 ' 4 q6 96 _  1862 * 1 0 ' 6 q 3 98 f o r  d = .6 0  mm ( 3 .5 0 )
d 8 . 5 4  d4 . 7 2
q s :  5080 * 1 0 ' 3 q7 ’ 56 _  1270 * 10_5 q4 ' 28 f o r  d = . 2 0  mm ( 3 .5 1 )
8 . 3 6  4 . 6 8
D D
D i v i d i n g  by S f ro m  t h e  Liu-Hwang e q u a t i o n s  and s o l v i n g  f o r  S
S ;  /  i s  .1862  * 10 \  D f o r  d= .60  nun ( 3 . 5 2 )
3 -9 8  4 . 7 2  /
q  D /  .1162
o /  q .  .73  * 10 \  D3 ' 88 f o r  d = .2 0  mm ( 3 .5 3 )s = I 2 L -  + ----------------
4 - 2 8  4 . 6 8  ,q  D /  .757
3 .9  E i n s t e i n - L i u - H w a n g - T r a c t i v e  F o r c e -  E q u a t i o n s
q s :  40 I i o  1 ( 3 . 5 4 )
w d \  T (S r l )  d j
q r  539000 D3 S3 f o r  d = . 6 0  mm ( 3 .5 5 )
s
q = 198000 D3 S3 f o r  d = . 2 0  mm ( 3 .5 6 )
S u b s t i t u t i n g  S from t h e  Liu-Hwang e q u a t i o n  
-6  8 . 9 4q s = .539  * 10 q f o r  d = .6 0  mm ( 3 . 5 7 )
11.16
D
- 4  9 . 8 4
qs r  -113  *  10 q________ f o r  d = .2 0  mm ( 3 . 5 8 )
1 1 .0 4
D
18
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7
D i v i d i n g  by S from Liu-Hwang e q u a t i o n  and s o l v i n g  f o r  S 
6 .4 4
S r  1 8 6 .7  q s D f o r  d = . 6 0  mm ( 3 . 5 9 )
5 .9 6
q
6 .3 6
S = 3 4 .0 7  q s D f o r  d = . 2 0  mm ( 3 . 6 0 )
6 - 56
q
3 . 1 0  K a l i n s k e - L i u - H w a n g - T r a c t i v e  F o r c e -  E q u a t i o n s
qs = 1 0  /  T0 \ 2 ( 3 . 6 1 )
)yj  T o / p  d \  T  ( S s - 1 )  d
5 /2  5 / 2q s = 10580 D S '  f o r  d = . 6 0  mm ( 3 . 6 2 )
qg r  31200 D5 / 2  S5 / 2  f o r  d = . 2 0  mm ( 3 . 6 3 )
S u b s t i t u t i n g  S from t h e  Liu-Hwang e q u a t i o n s
q g = .1058  * 10“ ^ q 7 ' 54 f o r  d = . 6 0  mm ( 3 . 6 4 )
d9 . 3 0
q s = .91 *  10 4 q ^*^1 f o r  d = . 2 0  mm ( 3 . 6 5 )
9 . 2 1
D
3 /2D i v i d i n g  by S f ro m  Liu-Hwang and s o l v i n g  f o r  S
S z 9 4 . 5  q s  D4 '^ ^  f o r  d = .6 0  mm ( 3 . 6 6 )
4 . 4 7
q
S = 4 . 2 2  q s  D4 - 52 f o r  d = . 2 0  mm ( 3 . 6 7 )
4 . 9 3
q
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3 . 1 1  E i n s t e i n - B a r b a r o s s a - E q u a t i o n
From e x p e r i m e n t  7 - 4 . 3 2
d 35 = 1 .9 7 5
R S
1 / 3
From f i g u r e  8 R ' / R  = 0 . 3 5
N = -0342  d 1 / 6  = .0242
( . 3 5 ) 2 / 3
V = 6 1 . 5  R2 / 3 S L^2
3 . 1 2  Simons and  R i c h a r d s o n  E q u a t i o n
From e x p e r i m e n t  7 - 4 . 3 2  
S e n e r g y  = .008
V = .5609  f t / s e c  
R = .114  f t
S t r e a m  Power -  T R S V - .317 
From f i g u r e  9 t h e  e x p e r i m e n t  i s  i n  t h e  dune r a n g e ,  t h u s  u s e
C = 7 . 4  l o g 1Q /  D \  f 1-  AR S
V T "  Vd 35y) \  R S
( —\ .  7*
C_ = 7 . 4  l o g 10 / .  1258__________ \  11 -  . 00055
V 3 2 . 2  .  . 0 3 9 3 7 / 1 2 /  1 . 0 0 0 9 1 1
C = 45
V = 45 R l / 2  S1 / 2
20
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( 3 . 6 8 )
e q u a t i o n
( 3 . 6 9 )
CHAPTER .4
EXPERIMENTAL APPARATUS AND PROCEDURE
4 . 1  The f lum e
The e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  a model  r e s e r v o i r  
b u i l t  i n  a  r e c i r c u l a t i n g  f lu m e  15 f e e t  l o n g ,  5 f e e t  w i d e  and 4 f e e t  
d e e p  a s  shown i n  f i g u r e  11 The f lu m e  i s  o f  w e ld e d  s t e e l  c o n s t r u c t i o n  
w i t h  a  p l e x i g l a s s  s i d e w a l l  f o r  o b s e r v a t i o n s .  The s i z e  o f  t h e  f lum e  
a l l o w s  a w ide  s e l e c t i o n  i n  l e n g t h s ,  w i d t h s  and d e p t h s  f o r  t h e  m odels  
b u i l t  i n s i d e  i t .
4 . 2  S e l e c t i o n  o f  r e s e r v o i r  s h a p e
I n  s t u d y i n g  a  h y d r a u l i c s  p r o b le m  on r e s e r v o i r  s e d i m e n t a t i o n  
t h e  c o n f i g u r a t i o n  o f  t h e  r e s e r v o i r  m us t  be  d e f i n e d .  V a n ' t  Hul (15)  
h a s  p r o p o s e d  a  s y s t e m  o f  c l a s s i f y i n g  r e s e n v o i r s  by u s i n g  a  p l o t  o f  
t h e  r e s e r v o i r  c a p a c i t y  v e r s u s  d e p t h  c u r v e .  The p o i n t s  when p l o t t e d  
u s u a l l y  f a l l  i n  a  s t r a i g h t  l i n e  on l o g - l o g  p a p e r ,  t h e  e q u a t i o n  o f  
w h ic h  i s  i n  t h e  form:
H :  K Cn
w h e r e  H i s  t h e  r e s e r v o i r  d e p t h  m e a s u r e d  f rom  t h e  b o t to m  
C i s  t h e  r e s e r v o i r  c a p a c i t y  
K i s  a  p r o p o r t i o n a l i t y  c o n s t a n t  
n  i s  t h e  s l o p e  o f  t h e  l i n e
U s i n g  "m” , t h e  r e c i p r o c a l  o f  t h e  s l o p e  " n "  , f o u r  c l a s s e s  
o f  r e s e r v o i r s  c a n  be d e s c r i b e d .  As c a n  be  s e e n  i n  f i g u r e  14 , t h e  
g o r g e  t y p e  r e s e r v o i r  h a s  a  s m a l l  r a t e  o f  i n c r e a s e  i n  c a p a c i t y  w i t h  
d e p t h ,  w h e r e a s ,  t h e  l a k e  t y p e  h a s  a  l a r g e  r a t e  o f  i n c r e a s e  o f  
c a p a c i t y  w i t h  d e p t h .  I t  m us t  be  remembered  t h a t  t h e  d e p t h  i s
21
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m e a s u r e d  a s  t h e  d i s t a n c e  from t h e  bo t to m .
"m" R e s e r v o i r  Type
1 . 0  - 1 . 5  Gorge
1 . 5  - 2 . 5  H i l l
2 . 5  - 3 . 5  F l o o d  P l a i n  f o o t h i l l
3 . 5  - 4 . 5  Lake
F o r  t h e  p r e s e n t  s t u d y  i t  was d e c i d e d  t o  u s e  a  g o r g e  t y p e .  
The  t a p e r e d  i n l e t  s e c t i o n  was u s e d  t o  s i m u l a t e  a  s t r e a m  e x p a n d i n g  
i n t o  t h e  r e s e r v o i r  and t h e  t a p e r e d  o u t l e t  s e c t i o n  was u s e d  s i n c e  
m os t  dams a r e  b u i l t  a t  t h e  n a r r o w e s t  p a r t  o f  t h e  r i v e r .
4 . 3  The model
The model  i s  o f  3 / 4 "  plywood c o n s t r u c t i o n  r e s t i n g  on 2I,*4" 
s u p p o r t s .  The s l o p e  o f  t h e  model  was s e t  a t  0 . 0 1 .  The model  
c o n s i s t e d  o f  a one f o o t  w ide  e n t r a n c e  c h a n n e l ,  2 f e e t  l o n g ,  w h ic h  
e x p a n d ed  i n t o  a two and one  h a l f  f o o t  w i d e  t e s t  s e c t i o n ,  10 f e e t  
l o n g  w h ic h  t h e n  c o n t r a c t e d  t o  an  o u t f l o w  a r e a  one f o o t  w id e  a s  
shown i n  f i g u r e  12. The d e p t h  o f  w a t e r  i n  t h e  model  was c o n t r o l l e d  
u s i n g  a  h o r i z o n t a l ,  s h a r p  c r e s t e d ,  o v e r f l o w  w e i r  a t  t h e  o u t l e t  
s e c t i o n .
Flow e n t e r s  t h e  model  t h r o u g h  a h o r i z o n t a l  t u b e  t y p e  f low  
s t r a i g h t e n e r  w h ich  e f f e c t i v e l y  d i s t r i b u t e s  t h e  w a t e r  e v e n l y  a c r o s s  
t h e  e n t r a n c e  c h a n n e l .
To a c h i e v e  a  u n i f o r m  bed l o a d  r a t e  i t  was n e c e s s a r y  t o  add 
t h e  sand  u p s t r e a m  o f  t h e  t e s t  s e c t i o n  a t  a  c o n s t a n t  r a t e  t h r o u g h o u t  
t h e  e x p e r i m e n t .  T h i s  was a c h i e v e d  by  i n s t a l l i n g  a  l a r g e  s t o r a g e  
h o p p e r  above  t h e  e n t r a n c e  c h a n n e l  and l e t t i n g  t h e  sand  f lo w  o u t  t h e  
b o t to m  o f  t h i s  t h r o u g h  a  s m a l l  o r i f i c e .  I t  was found  t h a t  by  u s i n g
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v a r i o u s  s i z e  o r i f i c e s  i t  was p o s s i b l e  t o  s e t  n e a r l y  any  s a n d  f l o w  
r a t e  d e s i r e d .  S e p a r a t e  c a l i b r a t i o n  r u n s  w ere  made f o r  e a c h  o r i f i c e  
a nd  sand  s i z e  and i t  was fo u n d  t h a t  t h e  sand  f low  r a t e  was c o n s t a n t  
u n t i l  t h e  6 c u b i c  f o o t  h o p p e r  was n e a r l y  empty,  so  t h a t  by p e r i o d i c a l l y  
t o p p i n g  up t h e  h o p p e r  i t  was p o s s i b l e  t o  r u n  any  l e n g t h  o f  e x p e r i m e n t .  
The  s a n d  had t o  be  d r i e d  b e tw e e n  e a c h  u s e  and c a r e  was t a k e n  n o t  t o  
o v e r h e a t  i t  i n  t h e  d r y i n g  o v e n s  a s  c r a c k i n g  o f  t h e  sand  g r a i n s  c o u l d  
h a v e  ha p p e n e d .  C o n t i n u o u s  c h e c k i n g  o f  t h e  s i z e  d i s t r i b u t i o n  p ro v ed  
t h a t  t h i s  was n o t  o c c u r i n g .  The sand  f l o w  o u t  o f  t h e  o r i f i c e  was 
s p r e a d  o v e r  t h e  one  f o o t  w i d t h  o f  t h e  e n t r a n c e  c h a n n e l  by h a v i n g  t h e  
s a n d  s t r e a m  s t r i k e  and s p r a y  o f f  t h e . end o f  a b r a s s  s t u d .  Even 
th o u g h  t h i s  method sounds  v e r y  c r u d e  i t  was v e r y  e f f e c t i v e  in  
d i s t r i b u t i n g  t h e  sand  e v e n l y .
4 . 4  Bed m a t e r i a l
The  two s e p a r a t e  s i z e s  o f  sand  used  i n  t h i s  e x p e r i m e n t  
w e r e  O t t a w a  F l i n t  S h o t  w i t h  a  mean d i a m e t e r  o f  . 6 0  mm and  O t taw a  
S i l i c a  90 w i t h  a mean g r a i n  s i z e  o f  . 2 0  mm. T h e s e  s a n d s  w e r e  c h o s e n  
s i n c e  t h e y  a r e  p r a c t i c a l l y  a l l  one  g r a i n  s i z e  w h ich  c a n  b e  se en  
f rom  f i g u r e  13, I t  was fou n d  t h a t  t h e r e  was no s e l e c t i v e  s o r t i n g  o f  
t h e  s a n d  d u r i n g  t h e  t e s t s  due  t o  t h i s  n a r r o w  s i z e  d i s t r i b u t i o n .
4 . 5  L a b o r a t o r y  p r o c e d u r e
The l a b o r a t o r y  p r o c e d u r e  f o l l o w e d  f o r  e a c h  r u n  i n v o l v e d  
r e c i r c u l a t i n g  a  g i v e n  d i s c h a r g e  t h r o u g h  t h e  model  w h i l e  a d d i n g  a 
c o n s t a n t  s e d im e n t  l o a d  u p s t r e a m  o f  t h e  t e s t  s e c t i o n .  The e x p e r i m e n t  
was c o n t i n u e d  u n t i l  t h e  r e s e r v o i r  f i l l e d  w i t h  s a n d  and  e q u i l i b r i u m  
c o n d i t i o n s  w ere  e s t a b l i s h e d ,  w i t h  s and  b e i n g  c a r r i e d  t h r o u g h  t h e  
s e c t i o n  and  ove r  t h e  s p i l l w a y  a t  t h e  same r a t e  a s  i t  was b e i n g
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a d d e d  u p s t r e a m .
I n  t h e  model  i t  was p o s s i b l e  t o  s e t  a ny  f lo w ,  s e d i m e n t  
d i s c h a r g e  o r  i n i t i a l  s t o r a g e  c a p a c i t y  d e s i r e d .  The f lo w  dynam ics  
t h e n  wou ld  b u i l d  up a s a n d  b e d ,  t h e  w i d t h  o f  t h e  m ode l ,  u n t i l  a d e p t h  
a nd  s l o p e  had  b e e n  e s t a b l i s h e d  t h a t  w ou ld  t r a n s p o r t  t h e  e n t i r e  
s e d i m e n t  l o a d .
The  t i m e  r e q u i r e d  t o  e s t a b l i s h  e q u i l i b r i u m  c o n d i t i o n s  
v a r i e d  w i t h  t h e  f l o w ,  s e d i m e n t  l o a d  and i n i t i a l  s t o r a g e  c a p a c i t y .
Some r u n s  w i t h  l o w e r  f l o w s  and c o n c e n t r a t i o n s  r e q u i r e d  12 t o  14 h o u r s  
t o  a c h i e v e  e q u i l i b r i u m ,  w h e r e a s ,  a t  h i g h e r  s e d i m e n t  l o a d s  e q u i l i b r i u m  
was e s t a b l i s h e d  i n  5 t o  6 h o u r s .
4 . 6  D a t a  O b t a i n e d
a )  W a te r  s u r f a c e  s l o p e
W a te r  s u r f a c e  e l e v a t i o n s  w e r e  m e a s u r e d  a t  t h r e e  
p o i n t s  a l o n g  t h e  l e n g t h  o f  t h e  model  u s i n g  p r e c i s i o n  O t t  
e l e c t r i c  p o i n t  g a u g e s ,  w h i c h  m e a s u r e d  to  .0 01  o f  a f o o t .
The  maximum and minimum e l e v a t i o n s  w e r e  a v e r a g e d , a n d  t h e  
s l o p e  c a l c u l a t e d  by d i v i d i n g  t h e  h o r i z o n t a l  d i s t a n c e  
b e t w e e n  p o i n t  g a u g e s  i n t o  t h e  d i f f e r e n c e  i n  t h e i r  mean 
w a t e r  l e v e l s .
b)  Bed s l o p e
T h e  bed s l o p e  was d e t e r m i n e d  u s i n g  two m e t h o d s .  F i r s t  
t h e  a c t i v e  bed e l e v a t i o n s  w e r e  m e a s u r e d  d u r i n g  e a c h  r u n  
u s i n g  t h e  same method  a s  t h a t  f o r  w a t e r  s u r f a c e  and  t h e  
a v e r a g e  s l o p e  c a l c u l a t e d .
I n  t h e  s e c o n d  method  t h e  bed e l e v a t i o n s  w e r e  m e a s u r e d  
a f t e r  t h e  f low  ha d  b e e n  s t o p p e d  and t h e  f lum e  c a r e f u l l y
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d r a i n e d ,  so a s  n o t  t o  d i s t u r b  t h e  bed  c o n f i g u r a t i o n s .
T h e s e  m ea s u r e m e n ts  w e r e  made e v e r y  f o u r  i n c h e s  a l o n g  t h e  
f l u m e  u s i n g  a n  O t t  p o i n t  gauge  w h ic h  r e a d  d i r e c t l y  t o  .01 
o f  a  i n c h .  T h e s e  e l e v a t i o n s  w ere  p l o t t e d  on g r a p h  p a p e r  
and  f o r  t h a t  p o r t i o n  w h e r e  a  c o n s t a n t  s l o p e  had  been  
e s t a b l i s h e d  an a v e r a g e  s l o p e  was d e t e r m i n e d  u s i n g  t h e  
m ethod  o f  l e a s t  s q u a r e s .
c )  D i s c h a r g e
To m e a s u r e  t h e  d i s c h a r g e  a  c a l i b r a t e d ,  s h a r p - c r e s t e d
o
15 V n o t c h  w e i r  was i n s t a l l e d  i n  t h e  r e t u r n  c h a n n e l  
b e t w e e n  t h e  two s e c t i o n s  o f  t h e  sump. I t  was p o s s i b l e  t o  
m e a s u r e  f l o w s  f rom  20 t o  222 G . P . M . ( U . S . )  t o  w i t h i n  an 
a c c u r a c y  o f  1 G.P.M.
The  w a t e r  d i s c h a r g e  was m ea s u red  f o u r  o r  f i v e  t i m e s  
e a c h  r u n .  The a v e r a g e  d i s c h a r g e  f o r  a r u n  i s  t h e  mean o f  
t h e s e  m e a s u r e m e n t s .
The V n o t c h  was c a l i b r a t e d  u s i n g  a v e n t u r i  m e t e r  f o r  
t h e  h i g h e r  f l o w s  and  a c a t c h  t a n k  and s t o p  w a t c h  f o r  t h e  
v e r y  low f l o w s .
d )  D e p t h
The f lo w  d e p t h  was c a l c u l a t e d  by  s u b t r a c t i n g  t h e  
a v e r a g e  bed l e v e l  f rom  t h e  a v e r a g e  w a t e r  s u r f a c e  l e v e l  a t  
e a c h  o f  t h e  t h r e e  m e a s u r i n g  p o i n t s  and  t h e n  a v e r a g i n g  t h e s e  
3 r e a d i n g s .  I t  was n e c e s s a r y  t o  m o d i f y  t h i s  p r o c e d u r e  to  
t a k e  i n t o  a c c o u n t  t h a t  t h e  sand  had  n o t  b e e n  c a r r i e d  i n t o  
t h e  r e a c h  o f  a l l  t h e  p o i n t  gauges  u n t i l  n e a r  t h e  end o f  
e a c h  r u n .
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e ) V e l o c i t y
The v e l o c i t y  was c a l c u l a t e d  u s i n g  t h e  c o n t i n u i t y  
e q u a t i o n  o r  i n  o t h e r  w ords  by d i v i d i n g  t h e  f low  by t h e  
c r o s s - s e c t i o n a l  a r e a .
4 . 7  Bed c o n f i g u r a t i o n
C e n t e r l i n e  p r o f i l e s  and c o n t o u r  maps w e re  made o f  t h e  bed 
d e p o s i t s  a f t e r  e a c h  r u n .  The c o n t o u r s  w ere  l a i d  o u t  d u r i n g  t h e  
d r a i n i n g  o f  t h e  f lu m e  by s t o p p i n g  a t  e a c h  i n c h  d r o p  i n  w a t e r  l e v e l  
and p l a c i n g  a  s t r i n g  a ro u n d  t h e  w a t e r  edge .  T h i s  i s  shown in  p h o to  2.
The c e n t e r l i n e  p r o f i l e  was m e a s u r e d  by t a k i n g  bed 
e l e v a t i o n s  e v e r y  f o u r  i n c h e s  a l o n g  t h e  f lu m e  u s i n g  a p r e c i s i o n  p o i n t  
gauge .
I n  a d d i t i o n  to  m e a s u r i n g  t h e  bed  c o n f i g u r a t i o n  a  s e r i e s  o f  
p h o t o g r a p h s  o f  t h e  bed w ere  t a k e n  f rom  a bove  t h e  f lum e  and t h r o u g h  
t h e  p l e x i g l a s s  s i d e  w a l l ,  showing t h e  p r o g r e s s i o n  o f  t h e  bed fo rm  
i n t o  t h e  r e s e r v o i r  w i t h  t im e .
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CHAPTER 5 
ANALYSIS AND DISCUSSION
5 . 1  Bed l o a d  e q u a t i o n s
The f i r s t  i n v e s t i g a t i o n  c a r r i e d  o u t  was t o  s e e  i f  t h e  
e q u a t i o n s  o f  Du Boys ,  S h i e l d s , E i n s t e i n  and K a l i n s k e ,  when u s e d  a l o n g  
w i t h  t h e  w e l l  known M a n n i n g ' s  e q u a t i o n  c o u ld  d e s c r i b e  t h e  s e d i m e n t  
t r a n s p o r t  c a p a c i t y .
F i g u r e s  15 t o  18 show how c l o s e  e a c h  e q u a t i o n  came i n  
p r e d i c t i n g  t h e  a c t u a l  bed l o a d .  As c a n  be s e e n  t h e r e  i s  a c o n s i d e r a b l e  
amount  o f  s c a t t e r ,  b u t  t h i s  i s  a l l  w e l l  w i t h i n  t h e  f a c t o r  10 w h ic h  
i s  common i n  s e d i m e n t  t r a n s p o r t  p r o b le m s .  A t  f i r s t  g l a n c e  i t  i s  
q u i t e  o b v i o u s  t h a t  Du Boys '  e q u a t i o n  does  n o t  d e s c r i b e  t h e  a c t i o n  
v e r y  w e l l  a t  a l l  f o r  i t  comes up w i t h  n e g a t i v e  t r a n s p o r t  r a t e s  wh ich  
a r e  p h y s i c a l l y  i m p o s s i b l e .  To show w h ic h  e q u a t i o n  b e s t  f i t s  t h e  
d a t a  an  a n a y l s i s  was done  on t h e  e r r o r s ,  w i t h  e r r o r  b e i n g  d e f i n e d  
a s  j q s e x p e r i m e n t  - q s  e q u a t i o n j  . As can  be  s e e n  from f i g u r e  19,
Du Boys '  h a s  t h e  g r e a t e s t  e r r o r  w h i l e  E i n s t e i n  and  K a l i n s k e  e s s e n t i a l l y  
h a v e  t h e  s m a l l e s t  e r r o r .  Thus t h e  e q u a t i o n s  o f  E i n s t e i n  and K a l i n s k e  
o f f e r  t h e  b e s t  s o l u t i o n  even  t h o u g h  t h e  mean e r r o r  i s  i n  t h e  same 
o r d e r  o f  m a g n i t u d e  a s  t h e  e x p e r i m e n t a l  bed l o a d .
5 . 2  S l o p e  e q u a t i o n s
F i g u r e s  20 t h r o u g h  23 show how w e l l  t h e  e q u a t i o n s  d e v e l o p e d
d e s c r i b e  t h e  s l o p e  o f  t h e  bed fo rm .  A ga in  t h e r e  i s  a  c o n s i d e r a b l e
amount  o f  s c a t t e r  b u t  t h i s  t im e  p o i n t s  l i e  b o t h  a b o v e  and be low t h e  
o
45 l i n e  show ing  t h a t  t h e r e  i s  no  b i a s  i n  t h e  e q u a t i o n s  t o  e i t h e r  
o v e r e s t i m a t e  o r  u n d e r e s t i m a t e  t h e  s l o p e s .  A g a i n  t h e  e r r o r s , j s  exp  - 
S e q u a t i o n j  , w e re  e xam ined  t o  s e e  w h ic h  e q u a t i o n  b e s t  d e s c r i b e d
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t h e  e x p e r i m e n t s  and  a s  can be  s e e n  f rom  f i g u r e  24 t h e  S h i e l d ' s  e  
e q u a t i o n  h a s  t h e  l a r g e s t  mean e r r o r  and  t h e  l a r g e s t  v a r i a n c e  o f  t h i s  
e r r o r ;  t h e r e f o r e  t h i s  i s  t h e  p o o r e s t  e q u a t i o n .  I n  t h e  r e m a i n i n g  
t h r e e  e q u a t i o n s  t h e r e  i s  o n l y  a m a r g i n a l  im provem en t  o f  one  e q u a t i o n  
o v e r  t h e  n e x t  b u t  K a l i n s k e * s  e q u a t i o n  i s  a g a i n  t h e  b e s t  due  t o  i t  
b e i n g  more  c o n s i s t e n t  a s  shown by i t  h a v i n g  a s m a l l e r  s t a n d a r d  
d e v i a t i o n .
5 . 3  Liu-Hwang  e q u a t i o n s
As c a n  b e  s e e n  i n  f i g u r e s  25 t o  28 t h e  Qs v a l u e s  a s  found  
by t h e  L iu-Hwang  e q u a t i o n s  a r e  much g r e a t e r  t h a n  t h o s e  found  from 
t h e  M a n n i n g - S t r i c k l e r  e q u a t i o n s .  The  v a l u e s  f o r  S g i v e n  by t h i s  
m e thod  a s  shown i n  f i g u r e s  29 t o  32 a r e  v e r y  much s m a l l e r  t h a n  
t h o s e  g i v e n  by t h e  M a n n i n g - S t r i c k l e r  e q u a t i o n s  o r  e ven  t h o s e  found  
i n  t h e  e x p e r i m e n t s .
I t  i s  o b v i o u s  t h a t  by i n c r e a s i n g  t h e  r e s i s t a n c e  by 
i n c l u d i n g  some fo rm  r e s i s t a n c e  t e n d s  t o  r e d u c e  t h e  e n e r g y  s l o p e s  
r e q u i r e d  t o  t r a n s p o r t  a g i v e n  bed  l o a d  o r  c o n v e r s e l y  i t  t e n d s  to  
i n c r e a s e  t h e  s e d i m e n t  c a r r y i n g  c a p a c i t y  o f  a c h a n n e l  f o r  a  g i v e n  
s l o p e .  However ,  f rom  t h i s  s t u d y  i t  seems t h a t  t h e  e q u a t i o n s  
d e v e l o p e d  f rom t h e  Liu-Hwang g r a p h s  g r e a t l y  o v e r e s t i m a t e  t h e  b e d fo rm  
r e s i s t a n c e  and t h u s  g i v e  i n c o r r e c t  a n s w e r s .
5 . 4  O t h e r  Form R e s i s t a n c e  E q u a t i o n s
The e q u a t i o n s  o f  E i n s t e i n  and  B a r b a r o s s a  a s  w e l l  a s  
t h o s e  o f  Simons and  R i c h a r d s o n  a s  d e v e l o p e d  i n  s e c t i o n s  3 .1 1  and 
3 . 1 2 ,  do n o t  c h a n g e  t h e  b a s i c  e q u a t i o n s  a s  much a s  t h o s e  o f  L iu  
and Hwang and  t h u s  w i l l  h a v e  a  l e s s e r  e f f e c t  on t h e  Qs and S v a l u e s .
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A g a in  t h e  o r d e r  o f  m a g n i t u d e  o f  t h e  c h a n g e  i s  much t o o  g r e a t  
and  g i v e s  i n c o r r e c t  f i n a l  r e s u l t s .
5 . 5  S t re a m  Geometry  E q u a t i o n s
d a t a  o b t a i n e d  compared  t o  t h e  r e g i m e  e q u a t i o n s  o f  L acey  and t h e  
s t r e a m  g e o m e t ry  e q u a t i o n s  o f  L e o p o ld  and Maddock. As c a n  be 
s e e n  i n  t a b l e  1 , t h e  e x p e r i m e n t s  w ere  o n l y  c o n d u c t e d  a t  two 
d i s c h a r g e s ,  t h u s  o n l y  g e n e r a l  t r e n d s  i n  t h e  r e l a t i o n s h i p s  o f  t h e  
p a r a m e t e r s  v e r s u s  d i s c h a r g e  can  be made.  The v a l u e s  o f  t h e  
v a r i a b l e s  a t  e a c h  d i s c h a r g e  w ere  a v e r a g e d  and t h e  e q u a t i o n s  w e re  
computed a s  f o l l o w s :
The  n e x t  i n v e s t i g a t i o n  c a r r i e d  o u t  was t o  s e e  how t h e
P = a  Qb ( a s  shown i n  f i g u r e  34)
2 . 6 7 3  = a  ( . 0 8 7 3 3 ) b
2 . 7 2 1  = a  ( . 1 7 6 4 5 ) b
2 .6 7 3
2 .7 2 1
.08733
.17645
b
.983  = .4945  b
b = .0244
2 . 7 2 1  -  a  ( . 1 7 6 4 5 )
.0244
a = 2 . 7 4
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T h e r e f o r e  f o r  t h e  r e s e r v o i r  e x p e r i m e n t s
no >• t.P = 2 . 7 4  Q ( 5 . 1 )
L a c e y ' s  c o m p a r a b l e  e q u a t i o n  i s
0 . 5
? r  2 . 6 7  Q ( 2 . 1 3 )
On c o m p a r in g  t h e  two e q u a t i o n s  t h e  p o i n t  t o  n o t e  i s  t h a t
t h e  powers  o f  t h e  e q u a t i o n  a r e  q u i t e  d i f f e r e n t .  T h i s  i s  e a s i l y
u n d e r s t o o d  i f  one  r e a l i z e s  t h a t  i n  t h e  p r e s e n t  s t u d y  t h e  r e s e r v o i r
was f u l l  o f  w a t e r  a t  t h e  s t a r t  o f  e a c h  r u n  and  t h i s  w a t e r  l e v e l  and
d i s c h a r g e  r e m a in e d  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  T h e r e  was
no a c t i o n  t h a t  wou ld  c a u s e  berms o r  s i d e s  t o  b u i l d  up s i n c e  t h e  w a t e r
c a n n o t  move t h e  sand  g r a i n s  h i g h e r  t h a n  i t s  own s u r f a c e ,  t h u s  t h e
w i d t h  was f o r c e d  to  s t a y  a t  2 . 5  f e e t .  The c o n s t a n t  2 . 7 4  e v e n  th o u g h
i t  i s  v e r y  c l o s e  t o  t h a t  o f  L a c e y ' s  c o u l d  h a v e  had  any  o t h e r  v a l u e
i f  w i d t h s  had been  c h o s e n  o t h e r  t h a n  2 . 5  f e e t .
L eo p o ld  and Maddock u s e d  t h e  w i d t h  r a t h e r  t h a n  t h e  w e t t e d
p e r i m e t e r  and d e v e l o p e d  t h e  e q u a t i o n :
26W ;  a  Q f o r  a  g i v e n  c r o s s  - s e c t i o n  ( 2 . 1 8 )
W ;  a  Q ‘ f o r  a l l  c r o s s - s e c t i o n s  i n  a  b a s i n
From o u r  s t u d i e s
W r a  Qb
0 - 0:  2 . 5  Q
W r 2 . 5  f e e t  ( 5 . 2 )
L a c e y  a l s o  d e v e l o p e d  an  e q u a t i o n  f o r  mean s l o p e  w h i c h  was
S :  .000547  f 5 / 3  Q" 1 / 6  ( 2 . 1 4 )
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-1 16o r  S = .00096  Q * ( 5 . 3 )
From t h e  p r e s e n t  s t u d i e s
S ;  a  Qd ( a s  shown i n  f i g u r e  35 )
.00561  = a  ( . 0 8 7 3 3 )  b
.01026  = a  ( . 1 7 6 4 5 )  b
b ;  .86 
a  = .00456
S = .00456  Q ,86 ( 5 . 4 )
T h i s  shows q u i t e  r e a d i l y  t h a t  i n  t h i s  c a s e  t h e  s l o p e  i s
a d j u s t i n g  i t s e l f  t o  t r a n s p o r t  t h e  bed  l o a d  s i n c e  t h e  w i d t h  was
u n a b l e  t o  a d j u s t  i t s e l f .
5.  6 Dep th  e q u a t i o n s
T h i s  phenomenon becomes  e ve n  more  a p p a r e n t  when we compare  
t h e  d e p t h  e q u a t i o n s  o f  L acey ,  L e o p o ld  and Maddock and t h o s e  d e v e l o p e d  
f rom  t h e  e x p e r i m e n t a l  d a t a .
D r  i  Q3 ( a s  shown i n  f i g u r e  36 )
.086  = i  ( . 0 8 7 3 3 )  j
. 110  = i  ( . 1 7 6 4 5 )  3 
j  = -35 
i  -  . 202
D r  . 202  Q ' 35 ( 5 . 5 )
L a c ey  g i v e s
D = -473 Q  _  .442  Q*33  (5  6 )
f l / 3  =
31
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L e o p o l d  and  Haddock  g i v e
D = i  Q' 40  ( 2 . 1 9 )
A l l  o f  t h e  a bove  e q u a t i o n s  show a  v e r y  good a g r e e m e n t ,  
showing  t h a t  t h e  d e p t h  o f  f l o w  a t t a i n e d  i s  e s s e n t i a l l y  t h e  same i n  
o u r  c a s e  o f  h a v i n g  t h e  w i d t h  c o n s t r a i n e d  a s  t h o s e  o f  L e o p o l d  and 
Maddock.  Showing  t h a t  t h e  m a j o r  a d j u s t m e n t  f o r  t h e  t r a n s p o r t  o f  bed  
l o a d ,  f o r  c h a n g i n g  f l o w s ,  i s  i n  t h e  bed s l o p e  a s  shown i n  f i g u r e  37 .
5 . 7  O t h e r  f a c t o r s
The  o t h e r  f a c t o r s  t h a t  h a v e  been  t r a d i t i o n a l l y  
i n v e s t i g a t e d  a r e  a r e a  and  v e l o c i t y .  In  t h i s  s t u d y  o u r  a r e a  e q u a t i o n  
h a s  t h e  same e x p o n e n t  a s  t h e  d e p t h  e q u a t i o n  s i n c e  t h e  w i d t h  was 
i n d e p e n d e n t  o f  Q, and  a r e a  = w i d t h  *  d e p t h .
The v e l o c i t y  e q u a t i o n  was fou n d  t o  be
V = 2 . 0 2  ( a s  shown in  f i g u r e  38 ) ( 5 . 7 )
w h i c h  b e a r s  L i t t l e  r e s e m b l e n c e  t o  L a c e y ' s  e q u a t i o n  o f
V = .9 5 6  Q1^6 ( 5 . 8 )
T h i s  i s  t o  b e  e x p e c t e d ,  how e ve r ,  s i n c e  o u r  r e l a t i o n s h i p  o f
c r o s s - s e c t i o n a l  a r e a s  w e r e  d i f f e r e n t  i .t  i s  o n l y  n a t u r a l  t h a t  t h e  
r e l a t i o n s h i p  f o r  v e l o c i t y  w ou ld  be d i f f e r e n t  s i n c e  Q = A *  V.
5 . 8  E n e r g y  S l o p e s
As c a n  be  s e e n  from f i g u r e  33 t h e  e n e r g y  s l o p e s  f o r  many 
o f  t h e  e x p e r i m e n t s  a r e  c l o s e l y  r e l a t e d  t o  t h e  bed s l o p e .  P o i n t s  
l y i n g  o u t s i d e  t h e  d o t t e d  l i n e , w h i c h  shows t h e  l i m i t  o f  t h e  
m ea s u rem e n t  e r r o r ,  can  be s u s p e c t e d  t o  h a v e  some a b n o rm a l  e r r o r  
. in  t h e  m e a s u r e m e n t .
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 . 9  S ed im en t  D e p o s i t s
From f i g u r e s  39 t o  62 i t  i s  a p p a r e n t  t h a t  t h e  bed form 
q u i c k l y  a d j u s t s  i t s e l f  t o  t h e  f u l l  w i d t h  o f  t h e  r e s e r v o i r .  I f  t h e  
f l o w  b u i l d s  up a  d e p o s i t  on one  s i d e  o f  t h e  c h a n n e l  t h e  f l o w  w i l l  
be  d e f l e c t e d  t o  t h e  o p p o s i t e  s i d e  o f  t h e  c h a n n e l .  Then t h e  
s e d i m e n t  w i l l  b e g i n  t o  b u i l d  up i n  t h i s  r e g i o n .  By s u c c e s s i v e  
a c t i o n s  o f  t h i s  t y p e  t h e  d e p o s i t  b u i l d s  up a c r o s s  t h e  e n t i r e  w i d t h .
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CONCLUSIONS
From t h i s  s t u d y  t h e  f o l l o w i n g  c o n c l u s i o n s  can  he  drawn.
6 . 1  As d i s c u s s e d  i n  s e c t i o n s  5 . 1  t o  5 . 4  t h e  E i n s t e i n  and k a l i n s k e  
e q u a t i o n s  a r e  s u p e r i o r  t o  t h e  Du Boys and S h i e l d s  e q u a t i o n s  i n  
e s t i m a t i n g  t h e  bed l o a d  and  s l o p e  f o r  t h e s e  c h a n n e l s .
6 . 2  As d i s c u s s e d  i n  s e c t i o n  5 . 5  t h e  s l o p e  o f  t h e s e  channeLs  w i l l  
be a  f u n c t i o n  o f  t h e  f l o w  t h r o u g h  t h e  r e s e r v o i r .
6 . 3  As d i s c u s s e d  i n  s e c t i o n  5 . 6  t h e  f low  d e p t h  f o l l o w s  t h e  same 
r e l a t i o n s h i p s  f o r  c h a n n e l s  fo rmed by b u i l d i n g  up bed  d e p o s i t s  i n  
b a c k w a t e r  a s  t h o s e  formed by s t r e a m s  c u t  i n t o  u p l i f t e d  r e g i o n s .
6 . 4  As d i s c u s s e d  i n  s e c t i o n  5 . 9 ,  c h a n n e l s  b u i l t  up i n  b a c k w a t e r  
w i l l  t e n d  t o  become t h e  f u l l  w i d t h  o f  t h e  r e s e r v o i r .
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDICES
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
(ft)
T
D U B O Y S
S H I E L D S
-2
d (inches)
F I G U R E  I. A L L O W A B L E  T R A C T I V E  F O R C E S  IN 
N O N C O H E S I V E  B E D  M A T E R I A L  
36
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i o ' 2 10 I
*
FIGURE 2-  E I NS T E I N  BED LOAD FUNCTION
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
02
0
.'2
*
F I G U R E  3.  K A L I N S K E  B E D  LOAD F U N C T I O N
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0
l.LUJL0.1 1000100
w d
V
F I G U R E  4  C L A S S I F I C A T I O N  O F  B E D  C O N F I G U R A T I O N
. 8 0
PLANE BED
. 7 0
. 6 0
x
. 5 0
. 4 0
. 3 0
0.1
F I G U R E  5.  X  V S  d
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ca
 
(e
ng
lis
h 
sy
st
em
)
.60
PLANE BED
. 5 0
>- . 4 0
DUNE BED
. 3 0
.20
d ( m m )
F I G U R E  6 .  Y V S  d
3 0 0
PLANE BED
-  TRANSITION2 6 0
220
1 8 0
1 4 0
100
6 0
RIPPLi DUNE BED20
0.1 10
d ( m m )
F I G U R E  7. Ca  V S  d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F I G U R E  8 .  V A L U E S  O F ( R ' / R )
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ST
R
E
A
M
 
PO
W
E
R
 
(L
B
S
/F
T
-S
E
C
)
U P P E R  R E G I M E
T R A N S I T I O N
D U N E S
0.1
R I P P L E S
0 .0 1
P  L A N E
0 . 40.2 0.6 0.8
d ( m m )
F I G U R E  9 .  C L A SSIFIC A T IO N  O F  B ED  C O N F I G U R A T I O N
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
MISSISSIPPI RIVER
0.19,0.27,0.28 ,0.45 
0.47mm ,ELKH03£p 
RIO GRANOE>^^^0
. 2 5
0 3 3
.20
A R S
. 0 5
0 . 4  0 . 8 2 . 0  2 . 4  2 . 8  3 . 2  3 . 6  4 . 0
. _ 3
F I G U R E  1 0 .  A R S  V S  R S  F O R  D U N E  T Y P E  B E D
43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-WEIR
L _
P L A N  VI EW
PLEXIGLASSPLEXIGLASS
PROFILE V I E W
S C A L E  l" = 3 '
F I G U R E  II.  D E T A IL S  OF FLUME
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURE 12 D E T A IL S OF MODEL
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ooo o
ro
O OO O OO
O
O
J . H 9 I 3 M  A 3  3 3 N l d  1 N 3 0  3 3 d
F I G U R E  13. G R A I N  S I Z E  D I S T R I B U T I O N
if .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
G
R
A
IN
 
SI
ZE
 
(m
m
)
GORGE T Y P E  m=
H IL L  T Y P E  m = 2
HILL TYPE m = 2
F O O T H IL L  T Y P E  m = 3
LAKE T Y P E  m = 4
F IG U R E  14. R ESER VO IR  SHAPES
LI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
. 0  0 0 2 5  
.00020
.00015
Q s (Du boys) 
.00010
. 0 0 0 0 5
0
- . 0  0 0 0 5
F I G U R E  15 Q s~ DU B O Y S  VS Q s - E XP E RI M E N T A L
/ n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
L I N E
.0001 . 0 0 0 2  
Q s (experimental)
V. 0 0 0 3 5
. 0 0 0 3 0
.0 0 0 2 5
Q s (Shields) 
.00020
.0 0 0 1 5
.00010
. 0 0 0 0 5
/
/ v
/
/  9
✓ . SZ ________I__z_
/
^ / e q u a l i t y
/
/
/
/
I
.0001 
Qs (e x p e r im e n ta l )
.0002
FIGURE 16 Qs-SH!ELDS VS Q s ~  EX P E R  I M E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
. 0 0 0 3 0 —
. 0 0 0 2 5
/
/
. 0 0 0 2 0 ^ / e q u a l i t y
/
(Einstein) /
. 0 0 0 1 5 /
/
/
. 0 0 0 1 0 /
/
■ / *
. 0  0 0 0 5 —
/  ?
/  Vrr
0
V
/  I  »
i i i i
.000 ! .0002
Q s (experimental)
F I G U R E  J7 Qs- E I N S T E I N  VS Qs- E X P E R I M E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.00030
0 0 0 2 5
.00020
Qs (Kolinske)  
. 0 0 0 1 5
.000 10
. 0 0 0 0 5
/
/
/ e q u a l i ty
/
/
/
/
/
/
/
/
/
v
V
V
V
V
_L _L
.0001
Qs (exper im enta l )
.0002
FIGURE 18. Q s -K A L IN S K E  VS  Q s - E X  P E R IM E N T A L
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
mean
W C
=> 5  
o
U)
0
•  .0001 0002 0 0 0 3
ERROR IN Qs BY DUBOYS
5
mean
+ o-
0
0 0 0 300020 0 0 1
ERROR IN -Qs BY SHIELDS
mean
0002 0 0 0 30 0 0 1
ER RO R  IN Qs BY E IN S T E IN
mean
0 0 0 1
ERROR IN Qs BY KALINSKE
FIGURE .19. DISTRIBUTION OF ERRORS IN Qs EQUATIONS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
c<v
a> a . x  
Oj
c n
e q u a l i t y
/
£  . 010-
0  .0 0 2  .0 0 4  .0 0 6  . 0 0 8  .010
S (Du Boys)
FIGURE 20 .  S-DUBOYS VS S -E X P E R IM E N TA L
ST
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(e
xp
er
im
en
ta
l)
.018 -
.016 -
.014 -
.012 -
to
.0 1 0  -
. 0 0 8  -
.0 0 6  -
. 0 0 4 -
.0 0 2 -
equality
/
/
/
. 0 0 2  . 0 0 4  .006
S (Shields)
. 0 0 8  .010
FIGURE 21. S-  SHIELDS VS S - E X P E R  IM EN TA L
i- t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(e
xp
er
im
en
ta
l)
.0 1 8
V
.016
.014
.012
.010
co .008
.0 0 6
.0 0 4
.002
/
/
/
equality
/
/
V
/
/
/
/
0
-  /
J I__
0 .002
r i I i I
. 0 0 4  . 0 0 6  .0 0 8
S (E inste in )
.010
FIGURE 2 2  S -E IN S T E IN  VS S - E X  P E R I M  E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
. 0 1 8 -
.016 -
.014
.012 -
ca>
E
d
03
Cl
x
03
(A
.010 -
.008
. 0 0 6 -
. 0 0 4 -
.0 0 2 "
/ e q u a l i ty
/
/
/
-  /
0  . 0 0 2  .0 0 4  . 0 0 6  .008 .010
S (Kal inske)
FIGURE 2 3  S -K A L IN SK E V S  S -E X P E R IM E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FR
EQ
U
EN
C
Y 
FR
E
Q
U
E
N
C
Y
 
FR
E
Q
U
E
N
C
Y
 
F
R
E
Q
U
E
N
C
Y
5
mean
0 .012. 0 0 4 0 0 8
ERROR IN S BY DUBOYS
5
jmean
0 .0 0 4 0 0 8 012
ERROR IN S BY SHIELDS
5
mean
0 0 0 4 0 0 8 012
ERROR IN S BY E IN S T E IN
5
mean
+  <T
0
0 0 4 0 0 8 012
ERROR IN S BY KALINSKE
FIGURE 24. DISTRIBUTION OF ERRORS IN S EQUATIONS 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
. 0 2 0
.0 1 8 -
.0 1 6 —
▼
▼
.0 1 4
.0 1 2 /
/
. 0 1 0 -
T / e q u a l i t y
(Duboys) ▼
▼ /
. 0 0 8 - /
T /
. 0 0 6
T /
/
. 0 0 4 T /
V /
. 0 0 2 Y
T /
V0 — V
/ T - L iu -H w ang
V - Manning-Strickler/ 1 1 1 1 I 1 . . I---------
0  .0 0 2  . 0 0 4  .0 0 6  .008  .010 .012
Qs (experimenta l)
F IG U R E  25. Q s -D U B O Y S  V S  Q s - E X P E R IM E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
▼
.0 3 0
. 0 2 5
.0 2 0 T
Y
(Shields) ▼
.015 - /
Y /
/equali ty
.010 _
T /
/
T /
/
.0 0 5 - T
T /
T /
T
▼ X  r -L iu -H w a n g
T
s / v-Manning-Strickler_ _ K _ t i
0  .005  .010
Qs (e x p e r im e n ta l )
F IG U R E  26 .  Qs-SH!ELDS VS Qs- E X P E R I M E N T A L
r  n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
▼. 0 2 0 — T
. 0 1 5 -
(Einstein) ▼
▼ /
. 0 1 0 — T /y  equality
/
/
. 0 0 5
T /
/
T /
▼ /
n
\
► ▼-Liu-Hwang  
v-Manning-Strickler 
l l
0  .005  .010
Qs (e x p e r im e n ta l )
FIGURE 27. Qs -E !N STE IN  V S  Q s - E X P E R I M E N T A L
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
▼▼
. 0 0 6 —
(Kalinske)
▼
. 0 0 4
▼
_ ▼
▼ /
/
▼ / e q u a l i t y
/
. 0 0 2 \
\
\
\
► 
► 
►
► 
► 
► 
i
1 /
n
; /
ISv T 1
▼ -L iu -H  wang 
v-Manning -Strickler
i
0  .001 . 0 0 2  .003
Qs (e x p e r im e n ta l )
F IGURE 2 8  Qs-KALINSKE VS Q s - E X P  ER1M E N T A L
A 1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(e
x
p
er
im
en
ta
l)
. 0 1 8
V
. 0 1 6
.014
.012
cn
.010
. 0 0 8
. 0 0 6
. 0 0 4
.002
/
/
y  equality
▼ ▼
"V
/
/  
/ v
/
/
/
/
/
- V
▼- L iu -H w ang  
v-Manning-Str ickler  
i i I I l I i
0  . 0 0 2  . 0 0 4  . 0 0 6  . 0 0 8
S (Du Boys)
.010
FIGURE 29.  S-DUBOYS VS S -E X P E R IM E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(e
xp
er
im
en
ta
l)
<n
. 0 1 8
.016
.014
.012
.010
. 0 0 8
.0 0 6
. 0 0 4
.002
/
/
/
/
/
equality
/
/
/
▼
V  s  V
0  .0 0 2  . 0 0 4  .006
S (Shields)
r - L i u - H w a n g
v -Manning-Strickler  
t i l l  
. 0 0 8  .010
FIGURE 30 .  S -S H IE L D S  VS S - E X P E R IM E N T A L  
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.018
v
.016 -
.014
.012
cit
M  .oio
i~o>
ax
o
</> .008
.0 0 6
. 0 0 4
.002
0
/
/
/
equality
v  v
VT
/
/
T  V
JL I ! I L
▼-Liu-Hwang  
v-Manning-Strickler 
t 1. 1 i I .
0  . 0 0 2  . 0 0 4  . 0 0 6  . 0 0 8
S (E in s te in )
.010
FIGURE 31 S -E IN S T E IN  V S  S - E X P E R I M E N T A L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(e
xp
er
im
en
ta
l)
. 0 1 8
▼ v
.016 -
.014
.012
t o
.010
. 0 0 8
.0 0 6
. 0 0 4 -
/ e q u a l i t y
/
T ▼ 
▼
v /
/
/
/
/
T  V
V
/
.0 0 2 / T  V
-  /
Z  .1 .
v -  Liu-Hwang
v-Manning-Str ickler
I I I !
0 .002 . 0 0 4  . 0 0 6  .008 .010
S (K a l inske )
FIGURE 3 2  S-K A L IN S K E  V S  S - E X P E R I M E N T A L  
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BE
D 
S
L
O
P
E
. 0 2 0
.018
.016
.014
/ 5 0 %  
conf idence 
l imits.012
.010
■
.008
.006
.0 0 4
.002
0  .0 0 4  . 0 0 8  .012 .016
E N E R G Y  SLOPE
F I G U R E  3 3 .  BED S L O P E  VS ENERGY SLO P E
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.90
2 . 8 0
P (ft) 2 .7 0
2 .6 0
2 . 5 0
P = 2 . 7 4  Q . 0 2 4 4
I L
.10 .12 .14
Q (cfs)
.16 .18
FIGURE 34 .  W E T T E D  PERIMETER VS DISCHARGE
67
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.030
.020
.010
.009
.0 0 8
.0 0 7
.006
.005
.0 0 4
.003
.002
.001
S = . 0 0 4 5 6  0 . 8 6
J L
e
i I I
.10 .12 .14
Q ( c f s )
.16 .18
F IGURE 35. BED SLOPE VS  DISCHARGE
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
D = . 2 0 2  Q-35
.32
D (f t)
. 0 9 -
.08
.07
.06
.18.16. 10 .12 .14
Q (cfs)
F I G U R E  3 6 .  FLOW D EPTH  VS DISCHARGE
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.32
. 0 5 4  Q - 3 4 6.30
.28
.26
.2 4
A (sq. ft.)
.22
.20
.18
.0 8  .10 .12 .14 .16 .18
Q ( c f s )
F I G U R E  3 7 .  F L O W  A R EA  V S  D I S C H A R G E
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V C f t /sec )
V = 2 . 0 2  O
FIGURE 3 8 .  V E L O C I T Y  V S  D IS C H A R G E
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P L A N P ROFI L E
n i l  \ < h T45^ H  \  V \
. _A I
1 :1 H j
\ A \ | - ■'771 /-
sk V ,
tJ V
T r \ /
\ f
i
<
<
i
ii
\ \
\ /
\ /
\
4 1
EXPERIMENT ! 
TIME 0 :3 0  
FLOW 198 G.RM. 
CONC 2 0 4 0  PPM. 
ELEV e f "
SAND-FLINT SHOT
in
h-
OD
F I G U R E  3 9
c\J
ro
7?
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
er
ti
c
a
l
 
e
x
a
g
g
e
r
a
t
io
n
 
X
4)
P L A N PROFI LE
A \
^  .~TXV X i'
/ \ \
r \  I
“ ""VK
U ,u
f \
| 4
> 7 5 I
} x5 8
! 5,
1
■ i^ ' 4 -
'T.1■ L >J
! r 2 'I . s
mm* '
\
i —■
.
/  u
'\ZLl!3
EXPERIMENT 1 
TIME h30 
FLOW 198 G.RM. 
CONC 2 0 4 0  PPM. 
ELEV 6 f"  
SAND-FLINT SHOT w
10
II*
To
in
OOh
FIGURE 4 0
73
TO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N PROFI LE
EXPERIMENT 1 
TIME 3 :0 0  
FLOW 198 G.RM.
CONC 2 0 4 0  PPM.
ELEV 6f"
SAND-FLINT SHOT 
t  OJ'r
5'
6*
8 ‘
10
12 '
t
CD
"CD
"cn
!3l
F IG U R E  41
74
"CM
TO
T n  T ,  T o  TO To Tv!
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N
P
PROFI LE
EXPERIMENT 1 
TIME 4 -0 0  
FLOW 198 G.PM. 
r CONC 2 0 4 0  PPM.
ELEV 6-g
SAND-FLINT SHOT
4'
.5*
6 ‘
8 '
L2t
12
OJr
To
IT)
TO
I d
cn
1M
FIGURE 4 2
75
7 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N PROFI LE
•61
r r
f T nV [
EXPERIMENT 1 
TIME 6 :0 0  
FLOW 198 G.PM. 
CONC 2 0 4 0  PPM. 
ELEV e f ’ 
SAND-FLINT SHOT
C\J
5' i n
CD
QD
<T>
FIGURE 4 3
TM
ro
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P L A N P ROFI L E
EXPERIMENT 2 
TIME LOO 
FLOW 198 G.PM. 
CONC 1000 PPM. ~ 
ELEV 6§" 
SAND-FL1NT SHOT
<M
TO
To
TO
"00
"<M
FIGURE 4 4 TO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N PROFILE
•z 1
—H
/I > ^(y\ ^51^1 ! \  x. r*si r
!
\ A
\ \ i  1 c / 4
n i3-i_l_
y i if
"4 5
/ /
i  i
/T ^ C rr3> ^
-5‘y Y X ;
p ,
c\
<
I 1
i
!
I
i■ I
k
/
/
/
/
t
IO
EXPERIMENT 2 
TIME 3-00  
FLOW 198 G.PM. 
CONC 1000  PPM. 
ELEV 6 f “ 
SAND-FLiNT SHOT
”00
FIGURE 4 5
78
TM
TO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
er
ti
ca
l 
ex
ag
ge
ra
ti
on
 
x
A)
P L A N PROFI LE
EXPERIMENT 2 
TIME 6=00 
FLOW 198 G.PM. 
CONC 1000 PPM. 
ELEV 6 | ” 
SAND'-FLINT SHOT
8
10
OJ
CD
"00
FIGURE 4 6
79
r o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
e
r
t
ic
a
l
 
e
x
a
g
g
e
r
a
t
io
n
 
X
A
)
XP L A N
V 3 P> V '
v r
I 5
I
EXPERIMENT 2 
TIME 8=00 
FLOW 198 G.RM. 
CONC 1000 PPM. 
ELEV 6f"  
SAND-FLiNT SHOT
4 3'
8
10
r o
CO
a
F IG U R E  4 7
13
"<M
r o
Rf>
P ROFI L E
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
e
r
t
ic
a
l
 
e
x
a
g
g
e
r
a
t
io
n
 
x
4)
P L A N PROFI LE
-tr "f t
2 |3 J 2
* X A  Vs  J \  V^.
4 s \  i ~ — \
r
|
v\ 1 / *
Vt
1 4
f
J
i
5 15
6CP
f
1
6  C5>
6<>
' I 6ch
6<P ■
c
c—J
\ \
C
r
\
J0
5 /
G\
/
£
>
r ,
P
y
/
t
f \ J_ i 1} v  |i i
1 / t i
1
i I
Ci
1
K 1
1
L . ) | 1
i f
'— r A  j7
f  lc-
,4
\ t/
\Z l*\
EXPERIMENT 2 
TIME 11=43 
FLOW 198 G.PM. 
CONC IOOO PPM.Cll
ELEV 6 §  
SAND-FLINT SHOT
rO
CD
“CD
cr>
FIGURE 48
81
”0J
T o
TP ID  TO “sj* TO *Ki
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N PROFI LE
EXPERIMENT 3 
TIME 4 :2 2  
FLOW 98  G.PM. 
CONC 2 0 2 0  PPM. 
ELEV 6-§" 
SAND-SHELL 9 0
7 '
9'
10
II
12
~rO
"CD
cn
13
FIGURE 4 9
82
“CJ
"ro
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
er
ti
c
a
l 
e
x
a
g
g
e
r
a
t
io
n
 
m
)
P L A N PROFI LE
—---
I Dv '"T*
I \  S'
f  "
) ! i \  ,
/
/ '— \  1
1 f ! 6 I I X
\ C \  i
f i\ I 1 1 5
b
J I W r - i
s
H d J
\
6
J1'
\ \ \  6 1 \ \ /  fN
■ 'h M
( 6
\ s' \
\ 4 f )V
\
16- > / K
5\
t  * '
t \
\
l y f r
\ <!' S , w \ A\J
r~- s f
T  /V  Kj  : 6 5
K <>
n A \ Y/)/
\ , 6 / m
iS h
s
t l
\ f t v  ,
I J
V
,
6
— * 5\
1 \  >s. -
- " ' K T
/
/
\  i
K
Y
i1
\ k\
\
\ \ /j
\ / 13'
E X P E R I M E N T  3 
TIME 9 :2I 
FLOW 9 8  G.RM 
CONC 2 0 2 0  P P M . 
ELEV 64" 
SAND-SHELL 9 0
FIGURE 5 0
CM
"fO
"CO
"CM
TO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
e
r
t
ic
a
l
 
e
x
a
g
g
e
r
a
t
io
n
 
x
4)
PLAN
? 7
Jr 
f t
06
EXPERIMENT 3 r 
TIME 14=00 
FLOW 9 8  G.RM. 
CONC 2 0 2 0  PPM. 
ELEV 6*§" 
SAND-SHELL 9 0
3 '
4
I 8 '
9'
l i
T O
in
CD
“CD
CT>
FIGURE 5|
“<\1
r o
RA
PROFI LE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
e
r
t
ic
a
l 
e
x
a
g
g
e
r
a
t
io
n
 
XO
)
P L A N PROFI LE
*
1 4
X T
5-
/  \ \\ 1
/ 1 \
1
1 O
I
I 9
/ r
I
6
\
J 7 j
\
I j
\ ) 1 / 4
'■v
5-
1
l ✓
c
j
V
I
I c
l
s
1
I
C
1
i
I
(
1
1
i
i
[ _ .
i i
i»
i
\ 1 2
\
\ i3'
EXPERIMENT 4  
TIME 4 :!4 
FLOW 9 8  G.RM. 
CONG 2 0 3 0  PPM. “  
ELEV 6 | "
SAND-FLiNT SHOT
*CVi
T o
in
CD
"to
FIGURE 5 2
85
CVI
po
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X
4
)
P L A N
EXPERIMENT 4
TIME 9=28
FLOW 9 8  G.RM.
CONC 2 0 3 0  RRM.
ELEV 6 - |“
SAND-FLiNT SHOT
"c m
K K U M L C
—t--------- r-
6 '
r
8
10
I!
12'
in
<x >
co
<X>
13'
F IG U R E  53
86
rO
D . . . . .  . . ~ir> I n  ~H- ~rr> ~n ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X
4
)
P L A N  PROF i Lb
C. A r  £_niiyi£_ iv  I '■t
TIME 14=23
FLOW 9 8  G.P.M.
CONC 2 0 3 0  PPM. “
ELEV 6 | “
SAND-FLINT SHOT
“cm
To
in
X
UI
X
"CD
"CM
F IG U R E  5 4 TO
«7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PL A N PROFI LE
EXPERIMENT 5 
TIME 1=46 
FLOW 9 8  G.P.M. 
CONC 2 0 3 0  PPM. ”  
ELEV 4 “
SAND-FLINT SHOT
T o
T o
~oo
~C\J
F I G U R E  5 5
T o
ftR
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
A)
P L A N PROFI LE
IX3
{
/ C-5
r> I*9
4 f \*3 , 1 Ts 'i i \-Vx\
/
-A 8 4 1V
c
I
4 $
<
<
V s% -2tT
— *
s
II
\ k
\ /
\ / \ -2115
EXPERIMENT 5 
TIME 4 :3 2  
FLOW 9 8  G.RM. 
CONC 2 0 3 0  PPM. “ 
ELEV 4 ”
SAND-FLINT SHOT
CVJ
T o
in
iO
co
cr»
FIG U RE 5 6
89
~C\J
ro
14
7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
CR
 
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N PROFI LE
„ ; !  ! /
A% \  * X
1*
y( I ■ !'/
AM ' M 1! k - t \
1 *
A 4 '
i
? ■
y
\$ J
£
(V
<<
<
< >
■
*■*r>
r
■3 S__ 1 1■■ \  
<F3 | < | '
r
‘ 3 1 <Jj
Vf 3 1 3
. 1
— i— i a >—  i ,1s i —^ 1
0 C I V/r  i x -
1*2> ' 3 . / 2-
7
>(&\ 1
EXPERIMENT 5 
TIME 7=41 
FLOW 9 8  G.RM.
ELEV 4  
SAND-FLINT SHOT
~C\J
T o
t o
C0
“00
<7>
FIGURE 5 7
"CvJ
r o \
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X
4)
P L A N P R O F I L E
i
---
^5*
I
1 1 !’
/ / 1 V
/ °
7
, /j Pi
\
7\
§*~
u i
j 6
/ 6 |
(
f\
\)
t) D
\\AA
6;> /L1 /  Jr\
A n .6 e? i > r  r \( .  O sP
6 1 | (y j
6
rL.
£ h
*—
>
1 /^
o
&
S i . 6
. 6 $ ,
si£
(b j
c%
*5- r'T
— 1' i I  ^! O 1 1
- - - - "I - - - : b
1
1
i
\ \
\ /
f u
\
\ / V
\ LIO
EXPERIMENT 6 
TIME 9^28 
FLOW 98  G.RM. 
C0NC 2 0 3 0  PPM. 
ELEV 6 f "
CM
TO
i n
CO
"00
cn
FIGURE 5 8
91
"bJ
To
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V
ER
TI
CA
L 
EX
AG
GE
RA
TI
ON
 
X 
4)
P L A N P R O F i L E
/  Y
/ V  \/ ' V \ ' j 1'
i i
6^ ! h . & /
i 6§\  4 A
r ,,5
» V 
• VMIt Ufu
dj j/ 7*1
11
1
]
Vi / \ 1V:1 5 i I
i \ A
i! \ \6
i i C-1 ■“SHOR E U! NE j
V 1 ti
\ j
i i 
11i j
V
V
I/
1 |
__ rd iis -H S -d-14—
L— *■* H
i
1
1
/ r
/
\ t
V
'13
EXPERIMENT 6 
TIME 16=00 
FLOW 3 0  G.P.M. 
CONG 0  P.PM.
ELEV 5-f" 
SAND-FLINT SHOT
“CVJ
6 '
7 ‘
10
“CD-
CT>
FIGURE 5 9
92
7 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
e
r
t
ic
a
l
 
e
x
a
g
g
e
r
a
t
io
n
 
X
A
)
P L A N PROFI LE
M i \i j
Y j
;
I'
A 1 j/ 1 \  
i \
t ! j
* A 1 /1
3 f ,
\ c f I
^  1 'To
1 L0 (
i-
"*X3 11 -4 U Ji
I ■ - I'3-— i
— 2^77"
■i- ■
st
tf
it>! 1
1 I
02
4 1
EXPERIMENT 7 
TIME MO 
FLOW 198 G.P.M.
ELEV 5 1" 
SAND-FLINT SHOT
CM
TO
to
CD
*CO
<7>
FIGURE 6 0
93
CvJ
ro
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PLA N P ROFI L E
r " \  5 r " 1\  \  i \  *
\ \  ! V  :
/
\ i \  *
V \  *
) i  V
i / \  11
/i1 j \
\
\/ x 5
J
K
A
\
•
4 3
4 *
4
N
\ J
"
\ < e
V
* >
«C
,- 4 ^
■4 " T
■4 -4-' *“
L
(
4 -!— P *
4 .
<
-
' 4
— — *—* -*s
( c
1 >
L
K
i U 4 -
i
t r - p - h -
r—
' I - '
- 2-
r ! 4 _
=  <
| |
i | I
\ i 1
i
i
i II
j 12/
1/
L-.1
10
EXPERIMENT 7 
TIME 2=46 
FLOW 198 G.P.M. 
CONC 2 0 4 0  PPM 
ELEV 5 f ‘
SAND-FLINT SHOT
To
CD
00
cr»
T\J
F IG U R E  61
94
To
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(v
e
r
t
ic
a
l
 
e
x
a
g
g
e
r
a
t
io
n
 
X
4)
P L A N PROFI LE
\
/
V ,
1
V i'I 1 /
/Ar
/ 1 /
\  *
1
! V
i l
5J j I
\ j
I
4 4
\V
v
<
J
0 <
€£ y -4 ,
/
(
j —
J
is /N > c ‘4p
/ "NC y \ l
i t - S " l
M
s N t
1 > < s c ?
c 2 ' T K
X V  !
f i
4 ° r
i 4 '
<4=0
o > yAA r
M
\ 31
y\\ l \ fe& C
M (
IO
EXPERIMENT 7 
TIME 4=32 
FLOW 198 G.P.M. 
CONC 2 0 4 0  PPM. 
ELEV 5 f "  
SAND-FLINT SHOT
CM
ro
CD
“<X>
(T>
"O
FIG U RE 62
95
ro
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 1
E x p e r im e n t
Number
( l a p s e  t im e )
1-0 .30
1-1 .30
1-3 .00
1-4 .00
1 - 6 . 0 0
Flow 
U.S .  G.P.M.
198
198
198
198
198
C o n c e n t r a t i o n
PPM
2040
2040
2040
2040
2040
I n i t i a l
Depth
i n c h e s
6 . 6
6.6
6 . 6
6 . 6
6 . 6
2-1 .0 0  198 1000 6 .6
2-3 .00  198 1000 6 .6
2-6 .0 0  198 1000 6 .6
2-8 00 198 1000 6 .6
2-11 .43  198 1000 6 .6
3-4 .22  98 2020 6.6
3-9 .21  98 2020 6 .6
3-14 .00  98 2020 6.6
4 -4 .1 4  98 2030 6 .6
4 -9 .2 8  98 2030 6 .6
4 -1 4 .2 3  98 2030 6 .6
5-1 .46  98 2030 4 .0
5-4 .32  98 2030 4 .0
5-7 .41  98 2030 4 .0
6 -9 .28  98 2030 6 .6
6-16 .00  30 0 5 .6
7-1 .10  198 2040 5 .6
7-2 .46  198 2040 5.6
7-4 .32  198 2040 5.6
96
Sand
D i a m e t e r
mm
.60
.60
.60
.60
.60
.60
.60
.60
.60
.60
. 20
.20
.20
.60
.60
.60
.60
.60
.60
.60
.60
.60
.60
.60
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TABLE 2
E x p e r im e n t
Number
( l a p s e  t i m e )
1 - 0 . 3 0
1 - 1 . 3 0
1 - 3 . 0 0
1 - 4 . 0 0
1 - 6 . 00
2 - 1 . 0 0
2 - 3 . 0 0
2 - 6 . 0 0
2 - 8 . 00
2 - 1 1 . 4 3
3 - 4 . 2 2
3 - 9 . 2 1
3 - 1 4 . 0 0
4 - 4 . 1 4
4 - 9 . 2 8
4 - 1 4 . 2 3
5 - 1 . 4 6
5 - 4 . 3 2
5 - 7 . 4 1
6 - 9 . 2 8
6 - 1 6 . 0 0
7 - 1 . 1 0
7 - 2 . 4 6
7 - 4 . 3 2
Mean W ate r  P e r i m e t e r  A re a  V e l o c i t y
2D e p th  S l o p e  f e e t  f e e t  t p s
f e e t
.1 0 3  .00577  2 . 7 0 7  .258  .683
.109  .00456  2 .7 1 8  .2 7 3  .646
.119  .00813  2 .7 3 8  .298  .592
.102 -  2 .7 0 5  .256  .689
.097 .00426  2 .6 9 3  .242  .730
.096 .00426  2 .6 9 2  .240  .737
.102 .00256  2 .7 0 3  .254  .694
.085 - 2 . 6 7 0  .2 1 2  .411
,092 .00451  2 .6 8 3  .229  .381
.075 .00737  2 .6 5 0  .187  .466
.093 .00301  2 .687  .2 3 3  .374
.079 .00692  2 .6 5 8  .198  .441
.093  .00677  2 .6 8 7  .233  .374
.086 .00602  2 .6 7 2  .215  .407
.00251  2 .6 7 7  .221  .395
.088 .00237  -  -
135 -  2 . 7 7 2  .3 4 0  .520
114 0 2 .7 2 8  .286  .618
125 .00752  2 .7 5 2  .315  .560
97
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TABLE 3
E x p e r im e n t
( l a p s e  t im e )
1-0 .30
1-1 .30
1-3 .00
1-4 .00
1 - 6 . 0 0
2 - 1 . 00  
2-3 .00  
2 - 6 . 0 0  
2-8  00 
2-11.43
3 - 4 . 2 2
3 - 9 . 2 1
3 - 1 4 . 0 0
4 - 4 . 1 4
4 - 9 . 2 8
4 - 1 4 . 2 3
5-1 .46
5 - 4 . 3 2
5 - 7 . 4 1
6 - 9 . 2 8
6 - 1 6 . 0 0
7 - 1 . 1 0
7 - 2 . 4 6
7 - 4 . 3 2
No. Qs
E x p e r i m e n t
.0001358
.0001358
.0001358
.0001358
.0001358
Qs
M an-St i
DuBoys
.0000056
.0000126
.0000296
Qs 
i-lan-S t r  
S h i e l d s
.0002522
.0001767
,0000982
Qs 
Man-S t r  
E i n s t e i n
.0000364
.0000248
.0000134
Qs
M a n -S t r
K a l i n s k e
0000352
.0000255
.0000153
.0000666 
.0000666 
.0000666 
.0000666 
.0000666
.0000090
,0000392
.0000447
0000125
.0002656
.0003850
.0004064
.0002798
.0000385 
.0000580 
,0000616 
, 0000407
.0000369
.0000519
.0000546
.0000386
.0000666
.0000666
,0000666
.0000461
.0000423
.0000494
.0000198
.0000100
.0000522
,0000023 
0000013 
, 0000054
,0000039
.0000025
,0000081
.0000669
.0000669
.0000669
.0000336
.0000384
.0000040
.0000211
.0000011
.0000034
.0000019 
.0000049
.0000669
.0000669
.0000669
,0000336
.0000367
.0000040
.0000103
,0000011
.0000020
.0000019
.0000031
,0000669 - .0000358 . 0000076 0000016 ,0000026
.0001358
.0001358
.0001358
.0000384
,0000228
.0000350
.0000383
.0001313
.0000672
.0000054
.0000181
,0000092
,0000071
0000197
.0000112
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TABLE 4
E x p e r im e n t
( l a p s e  t im e)
1-0.30
1-1.30
1-3.00
1-4.00
1 - 6 . 0 0
2 - 1 . 00
2-3 .00
2 - 6 . 00
2 - 8 . 00
2-11.43
3-4.22
3-9.21
3-14.00
4-4 .14
4-9 .28
4-14 .23
5-1.46
5-4.32
5-7 .41
6-9 .28
6-16.00
7-1.10
7-2.46
7-4.32
No. S
E x p e r im e n t
M a n - S t r  
DuBoys
M a n -S t r  
S h i e l d s
M a n -S t r
E i n s t e i n
M a n - S t r
K a l i n s k e
.00853
. 0 1 7 5 4
.01144
.00716 
.00720 
.00733
,00261
,00278
,00313
.00669
.00650
.00620
.00762
.00745
,00718
,00151
,01427
,01237
00549
00561
00563
00551
00177
,00172
,00172
,00176
.00505
00521
00542
.00507
.00536
.00549
,00551
,00537
.00779 
. 00846
,00677
00685
00674
.00568
,00-639
.00481
.00498
,00478
.00532
.00519
,00503
.00547
,00446 
,00646
01006
00969
.00633
.00485
00705
,00770
.00794
.00850
.00195
.00625
01006
00982
.00633
.00549
,00705
.00737
.00794
.00822
.00388 00989 .00576 ,00726 .00812
.00670
.00976
.007 67 
.00726 
.00745
.00384
.00295
.00339
.00578
00634
.00602
.00680
.00731
,00702
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TABLE 5
Mean Mean Mean Mean Mean Mean
Flow Depth P e r i m e t e r A re a V e l o c i t y S lo p e Width
c f  s f e e t f e e t f e e t 2 f t / s e c f e e t
.08733 .086 2 .6 7 3 .216 .406 .00561 2 . 5
. 17645 . 110 2 .7 2 1 .276 .647 .01026 2 . 5
TABLE 6
(by  M a n n i n g - S t r i c k l e r )  DuBoys S h i e l d s  E i n s t e i n  K a l i n s k e
Mean E r r o r  Qs .0001080  .0001028  .0000717 .0000717
S t a n d a r d  D e v i a t i o n  Qs .0000483  .0001379 .0000276 .0000255
Mean E r r o r  S .0 0 4 5 0  .00520  .00412  .00412
S t a n d a r d  D e v i a t i o n  S .00308  .00452  .00312 .00282
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TABLE 7
E x p e r im e n t  No. Qs Qs
Liu-Hwang
Qs
Liu-Hwang
Qs
Liu-Hwang
Qs
Liu-Hwan;
( l a p s e  t im e ) E x p e r im e n t DuBoys S h i e l d s E i n s t e i n K a l i n s k e
1 - 0 . 3 0 .0001358 _ - - -
1 - 1 . 3 0 .0001358 - - - -
1 - 3 . 0 0 .0001358 .0086354 .0173779 .0099456 .0037977
1 - 4 . 0 0 .0001358 .0056812 .0108711 .0053884 .0022788
1 - 6 . 0 0 .0001358 .0029053 .0051416 .0020261 .0010086
2 - 1 . 0 0 .0000666 _ - -
2 - 3 . 0 0 .0000666 .0091845 .0186224 .0103863 .0040947
2 - 6 . 0 0 .0000666 .0143414 .0307183 .0209346 .0070612
2 - 8 . 0 0 .0000666 .0153164 .0330757 .0230582 .0076533
2 - 1 1 . 4 3 .0000666 .0097733 .0199673 .0119245 .0044177
3 - 4 . 2 2 .0000666 .0028894 .0044775 .0002850 .0013377
3 - 9 . 2 1 .0000666 .0016552 .0023811 .0001238 .0006673
3 - 1 4 . 0 0 .0000666 .0072707 .0127529 .0011349 .0042364
4 - 4 . 1 4 .0000669
4 - 9 . 2 8 .0000669 .0002562 .0003095 .0000576 .0000519
4 - 1 4 . 2 3 .0000669 .0009360 .0012642 .0003616 .0002399
5 - 1 . 4 6 .0000669 _ _
5 - 4 . 3 2 .0000669 .0002562 .0003095 .0000576 .0000519
5 - 7 . 4 1 .0000669 .000497  7 .0006334 .0001467 .0001131
6 - 9 . 2 8 .0000669 .0003969 .0004956 .0001065 .0000866
6 - 1 6 . 0 0 0 - - - -
7 - 1 . 1 0 .0001358 .0010585 .0016801 .0004701 .0002985
7 - 2 . 4 6 .0001358 .0040347 .0074152 .0032690 .0015026
7 - 4 . 3 2 .0001358 .0019119 .0032294 .0011036 .0006079
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E x p e r im e n t  No. S S S S S
Liu-Hwang Liu-Hwang Liu-Hwang Liu-Hwang 
( l a p s e  t i m e )  E n e r g y  DuBoys S h i e l d s  E i n s t e i n  K a l i n s k e
1-0 .30 - - - - -
1 -1 .30 - - - -
1-3 .00 .00620 .00054 .00026 .00035 .00091
1-4 .00 .01765 .00062 .00032 .00050 .00118
1-6 .00 .01405 .00077 .00044 .00088 .00176
2-1 .00 _ - - - -
2 -3 .00 - .00028 .00013 .00016 .00043
2-6 .00 .00104 .00025 .00011 .00011 .00033
2-8 .00 .00460 .00025 .00011 .00011 .00032
2-11 .43 .01444 .00028 .00013 .00015 .00042
3-4 .22 . .00029 .00035 .00311 .00068
3-9.21 .00260 .00034 '.00046 .00502 .00038.
3-14.00 .00826 .00023 .00023 .00140 .00038
4-4 .14 - - - -
4 -9 .28 .00279 .00156 .00141 .00594 .00655
4-14 .23 .00656 .00102 .00077 .00206 .00308
5-1 .46 _ - - -
5-4 .32 .00659 .00156 .00141 .00594 .00655
5-7 .41 .00589 .00125 .00104 .00347 .00447
6-9 .28 .00219 .00135 .00115 .00417 .00509
6-16 .00 - - - - -
7-1 .10 _ .00108 .00071 .00205 .00320
7-2.46 .00048 .00069 .00038 .00067 .00144
7-4 .32 .00792 . 000S8 .00053 .00125 .00225
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BUILD UP OF BED DEPOSITS AT CONSTANT DISCHARGE AND UNIFORM BED
LOAD FOR EXPERIMENT 7.
p h o t o  2 
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[OPERf*'
TIME M 
FLOW ' 3 . . ,
COMC 20COPPM 
DEPTH Si 
SAND FLINT SHO‘
5^
p h o t o  3
EXPERI 
TIME 2 
FLOW r 
CONC 2C, 
nrpTH -
SAND FLINT SHOT
.S&23
p h o t o  4 
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p h o to  5
IEXPERI'
TIME - 
FLOW S 
CONC 22C:. - 
[DEPTH 5 
[SAND FLINT SHOT
p h o t o  6
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